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Hybrid fibre-reinforced polymer (FRP)-concrete-steel double-skin tubular columns 
(DSTCs) consist of an outer FRP tube and an inner steel tube, with the space in between 
filled with concrete. In hybrid DSTCs, the outward buckling of the steel inner tube is 
constrained by the surrounding concrete and the outer FRP tube, but its inward buckling 
is still possible. Existing research has shown that such inward buckling can become 
significant in non-circular hybrid DSTCs due to the non-uniform confinement, in 
hybrid DSTCs with a strong FRP tube due to the large axial deformation of the columns, 
and/or in hybrid DSTCs with a thin steel tube. In these cases, the stiffening of the inner 
steel tube is necessary to prevent or delay its inward buckling and to minimize its 
negative consequences to the column behavior. Against this background, a variation of 
hybrid DSTCs, in which the inner steel tube is stiffened by a number of longitudinal 
rib stiffeners (hybrid R-DSTCs), was recently developed at the University of 
Wollongong, Australia. This thesis presents a combined experimental and theoretical 
study on the axial compressive behavior of hybrid R-DSTCs.  
 
The first part of this thesis is on the behavior of steel tubes stiffened with longitudinal 
stiffeners. Finite element (FE) models were developed for steel tubes with or without 
longitudinal stiffeners under axial compression. The FE models were verified with the 
test results including those from a series of axial compression tests conducted in the 
present study, and were used to investigate the nonlinear buckling behavior of ribbed 
steel tubes. Both the FE and the test results confirmed that longitudinal stiffeners can 
significantly delay the local buckling of steel tubes. The effects of various parameters 
II 
 
of longitudinal stiffeners on the buckling behavior of the steel tube were also clarified 
by the FE results.  
 
The second and major part of this thesis presents a comprehensive experimental study 
on the axial compressive behavior of hybrid R-DSTCs. The experimental program 
included a total of 12 R-DSTC specimens and two DSTC specimens for comparison, 
with the test variables being the number, dimensions and shape of rib stiffeners as well 
as the number of plies of fibres in the FRP tube. The test results confirmed that the 
additional rib stiffeners on the steel tube are effective in delaying the local buckling of 
the steel tube in DSTCs and in improving the performance of the columns. The test 
results also clarified the effects of the studied parameters of the rib stiffeners on the 
behavior of hybrid R-DSTCs.    
 
The third part of this thesis presents theoretical analysis on the compressive behavior 
of hybrid R-DSTCs, with a focus on the stress-strain behavior of the confined concrete.  
A simple analytical model proposed for the axial load-axial strain curve of hybrid R-
DSTCs is presented. The model is shown to provide reasonable predictions of the test 
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Fiber reinforced polymer (FRP) composites, as a relatively new material in civil 
engineering, have become increasingly popular in the structural retrofitting industry as 
externally bonded reinforcement due to their many advantages such as high corrosion 
resistance, high strength-to-weight ratio and ease for construction (e.g. Mirmiran and 
Shahawy 1997; Teng et al. 2002). Over the last decade, FRP composites in new 
structures in the form of FRP-concrete-steel composite members have also been 
extensively investigated (e.g. Teng et al.2007; Karimi et al. 2011; Yu et al. 2017). One 
of these novel FRP-concrete-steel composite members is the FRP-concrete-steel hybrid 
double-skin tubular column (DSTC) proposed by Teng et al. (2007). A typical DSTC 
consists of an outer FRP tube and an inner steel tube, with infilled concrete between 
the spaces (Fig. 1.1). The optimized cross-sectional configuration of DSTCs results in 
many structural advantages: (1) both the load carrying capacity and ductility of the 
concrete in DSTCs are significantly enhanced due to the lateral confinement provided 
by the FRP tube; (2) the ductility of the inner steel tube in DSTCs is also substantially 
enhanced with its outward buckling well restrained by the confined concrete; (3) the 
hollow sectional profile of DSTCs leads to large lateral loading capacity and thus 
excellent seismic performance compared with FRP-confined solid concrete columns 
with the same cross-sectional area. Many research studies have been conducted to 
investigate the structural behavior of DSTCs, including experimental studies (e.g. Teng 
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et al. 2007, Wong et al. 2008) and theoretical studies (e.g. Yu et al. 2010b). All these 
studies have generally confirmed the excellent structural behavior of DSTCs and 
addressed the mechanism behind. 
 
In hybrid DSTCs, while the outward buckling of the steel inner tube is well restrained, 
its inward buckling is still possible. Existing research (Cavill and Yu 2014; Yu and 
Teng 2013; Fanggi et al. 2015) has shown that such inward buckling can become 
significant in non-circular hybrid DSTCs due to the non-uniform confinement, in 
hybrid DSTCs with a strong FRP tube due to the large axial deformation of the columns, 
and/or in hybrid DSTCs with a thin steel tube. In addition, existing research has 
suggested that in situations where axial compression does not dominate, significant 
slips between the concrete and the steel tube may occur when no shear connectors are 
provided between the two (Yu et al. 2006).   
 
Against this background, a variation of hybrid DSTCs (referred as hybrid R-DSTCs 
hereafter) was recently developed at the University of Wollongong, Australia. The only 
difference between DSTCs and R-DSTCs is that the steel inner tube in R-DSTCs is 
stiffened by welding longitudinal stiffeners onto its outer surface. For circular R-
DSTCs (i.e., with a circular outer FRP tube), a number of longitudinal stiffeners may 
be evenly distributed on the steel tube (Fig. 1.2). For square R-DSTCs (i.e., with a 
square outer FRP tube), four (pointing to the four corners of the FRP tube where the 
confining pressure from the FRP tube is the biggest) or eight (i.e., four pointing to the 
corners and another four pointing to the middle of the four flat sides) longitudinal 
stiffeners may be applied (Fig. 1.3). The stiffeners in R-DSTCs are expected to 
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effectively delay the inward buckling of the steel inner tube, and to act as additional 
shear connectors for improved composite action between the concrete and the steel tube.   
 
The present study is concerned with square R-DSTCs with a polyethylene naphthalate 
(PEN) FRP tube. In a square DSTC, the steel inner tube is subject to highly non-
uniform confinement with large confining pressure from the four corners of the FRP 
tube. The PEN-FRP composite are made from waste products such as plastic bottles 
and typical have a large rupture strain of not less than 5% (i.e. about two times of that 
of the conventional FRP composites) (Lechat et al. 2011). With the PEN-FRP tube, the 
ultimate axial deformation of DSTCs is expected to be large as it depends significantly 
on the rupture strain of the outer FRP tube. Square R-DSTCs with a PEN-FRP tube 
therefore represents a unique configuration in which the buckling of the inner steel tube 
can have significant effects on the column behavior.   
 
1.2 RESEARCH OBJECTIVES 
 
This thesis reports a combined experimental and numerical study on the compressive 
behavior of hybrid square R-DSTCs with a PEN-FRP tube, which was completed by 
the master degree candidate in the past 16 months. The master study is the first ever 
study on hybrid R-DSTCs after the column form was proposed at the University of 
Wollongong, Australia. The main objectives of the present study are: 
 
1. To develop an in-depth understanding of the nonlinear buckling behavior of 




2. To investigate the effect of additional longitudinal stiffeners on the local 
buckling of the inner steel tube in R-DSTCs and on the overall behavior of the 
columns; 
 
3. To investigate the effects of various parameters, including the the number, 
dimensions and shape of the longitudinal stiffeners and the thickness of FRP 
tube, on the compressive behavior of R-DSTCs; 
 
4. To provide design recommendations for hybrid R-DSTCs based on the test 
results and theoretical analysis.  
 
1.3 LAYOUT OF THE THESIS 
 
The combined experimental and theoretical study is presented in this thesis in five 
chapters, the details of which are summarized below:   
 
Chapter 2 presents a detailed literature review on topics related to the present study, 
including: (1) existing studies on the hybrid DSTCs; (2) existing studies on the behavior 
of concrete confined by large rupture strain FRP (e.g. PEN FRP); (3) existing studies 
on hollow steel tubes stiffened with longitudinal stiffeners; and (4) existing studies on 
concrete-filled steel tubes (CFTs) with the outer steel tube being stiffened by 




Chapter 3 presents an investigation on the nonlinear buckling behavior of steel tubes 
with or without longitudinal stiffeners. Finite element (FE) models developed using the 
software ABAQUS are presented in detail. The FE models take due consideration of 
the geometric imperfection and boundary conditions and were verified with the test 
results including a series of axial compression tests conducted in the present study. The 
FE models were then used to investigate the effect of various parameters of longitudinal 
stiffeners on the buckling behavior of the steel tube, the results of which are also 
presented in Chapter 3. 
 
Chapter 4 presents a comprehensive experimental study on the compressive behavior 
of R-DSTCs. The experimental program is first presented, which involved the testing 
of 12 R-DSTC specimens and two DSTC specimens under axial compression. The test 
variables included the number, dimensions and shape of the rib stiffeners as well as the 
thickness of the FRP tube. The section configurations, material properties, procedure 
for preparation of the specimens and the test setup and instrumentation are all presented 
in detail in this chapter. This is followed by a detalied description and discussion of the 
test results, with a focus on the buckling behavior of the steel inner tube. The test results 
of different specimens are also compared, based on which the effects of the test 
variables are clarified. 
 
Chapter 5 presents an analytical model for predicting the axial load-strain behavior of 
hybrid R-DSTCs. This chapter starts with a review of existing stress-strain models for 
FRP-confined concrete in various column forms. The details of the analytical model, 
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including the assumption taken, are then presented. The predictions of the analytical 
model are then compared with the test results presented in Chapter 4.   
 
The thesis concludes with Chapter 6, where the conclusions drawn from the previous 

































This chapter presents a review of the existing studies relevant to the present study. 
Existing knowledge on hybrid DSTCs is first reviewed, with a focus on the stress-strain 
behavior of the confined concrete and the buckling behavior of the steel inner steel tube. 
This is followed by a review of existing investigation on the behavior of concrete 
confined with large rupture strain FRP (LRS FRP) composites (e.g. PEN FRP), which 
is compared with the behavior of conventional FRP (e.g. glass FRP) confined concrete.  
After that, existing stiffening methods for steel tubes are critically reviewed, with a 
focus on the use of longitudinal stiffeners to reinforce hollow and concrete-filled steel 
tubes for improved buckling behavior.  
 
2.2 BEHAVIOR OF HYBRID DOUBLE-SKIN TUBULAR COLUMNS 
 
FRP composites, as a relatively new material in civil engineering, have been 
increasingly popular for the development of new forms of structural members due to 
their many advantages such as high corrosion resistance, high strength-to-weight ratio 
and ease for construction (e.g., Mirmiran and Shahawy 1997; Teng et al. 2002). One of 
these hybrid member forms, termed as FRP-concrete-steel double-skin tubular columns 
or hybrid double-skin tubular columns (DSTC), was developed at Hong Kong 
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Polytechnic University (Teng et al. 2004, 2007). A typical hybrid DSTC consists of an 
inner steel tube, an outer FRP tube and a layer of concrete sandwiched between these 
two tubes (Teng et al. 2007). Both the FRP tube and steel tube serve as the stay-in-
place formwork for concrete for a simple construction process. Further, the optimized 
cross-sectional configuration of DSTCs results in many structural advantages: the 
confined concrete in DSTCs have considerably high strength and excellent ductility 
due to the lateral confinement provided by the FRP tube; the inner steel tube in DSTCs 
serves as ductile longitudinal reinforcement with its outward buckling well restrained 
by the confined concrete; the hollow sectional profile of hybrid DSTCs leads to large 
lateral loading capacity and excellent seismic performance compared with FRP-
confined solid concrete columns with the same cross-sectional area. (Teng et al. 2007; 
Yu 2007; Zhang 2014).  
 
After the hybrid DSTCs was invented (Teng et al. 2004, 2007), extensive research has 
been conducted to investigate the structural behavior of DSTCs, including 
experimental studies (e.g., Teng et al. 2007; Yu 2007; Wong et al. 2008; Zhang et al. 
2011; Yu and Teng 2013; Fanggi and Ozbakkalogu 2015) , numerical studies (e.g. Yu 
et al. 2010b; Abdelkarim and EIGawady 2014) and analytical studies (e.g. Yu et al. 
2010b; Yu and Teng 2013; Ozbakkalogu and Lim 2013; Ozbakkalogu et al. 
2016).These studies have explored the following aspects: (1) behavior of hybrid 
DSTCs under concentric or eccentric compression; (2) behavior of hybrid DSTCs 
under combined axial compression and cyclic lateral loading; (3) effect of thickness of 
FRP tube; (4) effect of specimen size; (5) use of high strength concrete; (6) effect of 
specimen shape. The existing studies generally confirmed the excellent performance, 
11 
 
such as the excellent ductility, of hybrid DSTCs under various loading scenarios, and 
clarified the effects of various parameters. The present study is only about the behavior 
of hybrid R-DSTCs under concentric compression, so existing knowledge of hybrid 
DSTCs under concentric axial compressive loading are further discussed below.  
 
2.2.1 Axial Compressive Behavior of Hybrid DSTCs  
 
Wong et al. (2008) presented the first systematic experimental study of hybrid DSTCs 
under axial compression. A total of 18 hybrid DSTCs with a diameter of 152.5 mm and 
a height of 305 mm were tested. The concrete used by Wong et al. (2008) had a cylinder 
strength ranging from 36.7 MPa ~ 46.7 MPa. The test results showed that the infilled 
concrete is well confined by the inner and outer tubes and the local buckling of the 
inner steel tube is either suppressed or delayed by the concrete, leading to a very good 
ductile behavior (Fig. 2.1). In Wong et al. (2008), the test results of hybrid DSTCs were 
also compared with the test results of FRP-confined solid concrete columns and FRP-
confined hollow concrete columns, which were tested in the same study. Wong et al. 
(2008) found that the beneficial effect of FRP confinement was reduced by the inner 
void in FRP-confined hollow columns, but the extra inner steel tube could compensated 
the loss of confinement (Fig. 2.2). 
 
The first series of axial compression tests on hybrid DSTCs with high strength concrete 
were conducted by Zhang et al. (2011), where six hybrid DSTCs with a diameter of 
204 mm, a height of 400 mm and an unconfined concrete cylinder strength of 83.5 MPa 
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were tested. The test results confirmed that hybrid DSTCs exhibit good ductility despite 
the use of high strength concrete. 
 
The first study on the compressive behavior of large-scale hybrid DSTCs was presented 
by Xie et al. (2011). Three specimens with a diameter of 400 mm and a height of 800 
mm were tested under axial compression. The test results confirmed the excellent 
ductility of these full-scale hybrid DSTCs and revealed that the size effect is minimal 
for hybrid DSTCs with a sufficiently strong FRP outer tube. 
 
Yu and Teng (2013) presented the first experimental study on hybrid DSTCs with a 
square outer tube and a circular inner tube (Fig. 2.3). In this study, 20 columns 
including eight square DSTC columns, four square FCSC columns and eight square 
FRP confined hollow (FCHC) columns were tested. Other test variables included the 
thickness of the outer FRP tube and the thickness and diameter of the inner steel tube. 
All specimens contained an outer wet-layup FRP tube which had a side length of 150 
mm and a height of 300 mm, and the strength of the infilled concrete was 37.5 MPa. 
The test results revealed that the two tubes can supply the effective confinement to the 
concrete in square hybrid DSTCs, and the behavior of concrete in these columns is 
similar to the concrete in FRP-confined solid square columns (Fig. 2.4).  
 
The compressive behavior of hybrid DSTCs has also been investigated by other 
researchers (e.g. Qian and Liu 2008; Ozbakkaloglu and Fanggi 2013a, 2013b; Fanggi 
and Ozbakkaloglu 2013). Qian and Liu (2008) tested 10 hybrid DSTCs with a diameter 
of 190 mm, a height of 500 mm. The strength of unconfined concrete ranged from 23.7 
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MPa to 32.5 MPa. The test results again confirmed the excellent structural performance, 
especially the excellent ductility of hybrid DSTCs. The inward buckling of the inner 
steel tube was found in some tests.  
 
Three series of tests were conducted in Ozbakkaloglu and Fanggi (2013a, 2013b) and 
Fanggi and Ozbakkaloglu (2013). All the specimens had a diameter of 150 mm, a 
height of 300 mm. Both normal strength and high strength concretes were used, with 
their unconfined strength ranged from 36.7 MPa to 113.8 MPa. FRP tubes prefabricated 
by a wet-layup process were used. In Ozbakkaloglu and Fanggi (2013a, 2013b), the 
behavior of DSTCs with the inner steel tube filled with additional concrete was 
investigated as well. The experimental results showed that the DSTCs with additional 
concrete inside the inner steel tube had a slightly smaller ultimate axial strain and a 
slightly higher average ultimate axial stress of concrete compared with those of DSTCs.  
 
Fanggi and Ozakkaloglu (2015) presented a study on the compressive behavior of 
square hybrid DSTCs with a square or a circular inner steel tube. A total of 40 
specimens were tested, including 24 DSTCs, four concrete-filled FRP tubes (CFFTs) 
and 12 CFFTs with a hollow core (shown in Fig. 2.5). The results indicated that the 
concrete in hybrid DSTCs with a square inner steel tube was less effectively confined 
than that in the hybrid DSTCs with a circular inner steel tube. For the specimens with 
a circular inner steel tube, the increase of the diameter of the inner tube resulted in an 
increase in the ultimate axial strain of the columns, but had little influence on the 




2.2.2 Stress-Strain Behavior of Confined Concrete in Hybrid DSTCs 
 
In hybrid DSTCs, the concrete is subjected to confinement from both the FRP outer 
tube and the steel inner tube, so its stress-strain behavior is different from that of 
concrete in FRP-confined solid columns or concrete in FRP-confined hollow columns 
without an inner tube.   
  
Yu et al. (2009) presented a finite element (FE) study to examine the effects of typical 
parameters (i.e. the stiffness of the FRP tube and the steel tube, and the size of the inner 
void) on the stress-strain behavior of the confined concrete in circular hybrid DSTCs. 
The FE results showed that the axial stresses were highly non-uniform along the radial 
direction of the DSTCs, and the two lateral stresses (the radial stress and 
circumferential stress) of concrete were quite different from each other. A larger void 
ratio was found to lead to a larger ultimate axial strain of the concrete in DSTCs, but 
the variation of void ratio has only a minor effect on the average compressive strength 
of the concrete. As a result, the slope of the second branch of the average axial stress-
strain curve of the concrete was found to decrease with the void ratio. In addition, the 
increase of confinement stiffness of the FRP tube leads to increases in the average 
compressive strength, ultimate axial strain, and the second-branch stiffness of the 
average stress-strain curve of the concrete. Furthermore, the FE results showed that the 
diameter-to-thickness ratio of the inner steel tube has only a small effect on the stress-
strain behavior of the concrete in DSTCs. Based on the FE results and the test results 
available at that time, a stress-strain model for the confined concrete in hybrid DSTCs 




Ozbakkalogu and Fanggi (2014) presented a series of compression tests on circular 
hybrid DSTCs filled with either normal-strength or high-strength concrete. The test 
results generally confirmed the findings in Yu et al. (2009) in terms of the stress-strain 
behavior of the concrete in hybrid DSTCs. In addition, it was found that the use of 
high-strength concrete in the DSTCs led to a decrease of the ultimate axial strain of the 
columns.  
 
 The stress-strain behavior of the concrete in square hybrid DSTCs with a circular inner 
steel tube was investigated by Yu and Teng (2013) (Fig. 2.3). The average strength and 
the ultimate axial strain of the concrete in square DSTCs were found to both increased 
with the thickness of the outer FRP tube. Similar to circular DSTCs, because of the 
existence of the inner void, the lateral outward expansion of the concrete in the DSTCs 
was found to decrease with the void ratio. As a result, the concrete in the DSTCs with 
a larger void ratio generally had a larger ultimate axial strain, when the same FRP tube 
was used. With the above observations, a stress-strain model was proposed for the 
concrete in square DSTCs based on existing stress-strain models of FRP-confined 
concrete in solid columns (i.e. Lam and Teng 2003a and b; Teng et al. 2009); the effect 
of the void ratio is considered in the proposed model. 
 
2.2.3 Stress-Strain Models for Confined Concrete in Hybrid DSTCs 
 
 Since the beginning of this century, many stress-strain models have been proposed for 
FRP-confined concrete. Generally, those models can be divided into two categories 
(Teng et al. 2007): (a) analysis-oriented model (e.g. Chun and Park 2002; Jiang and 
16 
 
Teng 2007; Teng et al. 2007; Dai et al. 2011), and (b) design-oriented model (e.g. Xiao 
and Wu 2000; Lam and Teng 2003; Teng et al. 2009). 
Analysis-oriented model is developed based on an incremental procedure. It can be 
used to predict stress-strain curves, whereas the application of this model is limited, 
which could only be adopted in uniformly-confined concrete. Design-oriented model 
is always developed based on a regression analysis of test results (Lam and Teng 
2003a). In this model, closed-form equations would be proposed to predict the 
compressive strength, ultimate axial strain and stress-strain curve of FRP-confined 
concrete. Here, Lam and Teng (2003a) first proposed a design-oriented model for FRP-
confined concrete in circular columns, and it was developed based on the test results of 
76 FRP-confined concrete circular column specimens. This model was further 
implemented in Teng et al. 2009 and both of them have been adopted in the design 
guidelines of the UK, US and China (Yu et al. 2010b). For the design-oriented models 
of FRP-confined concrete in rectangular or square columns, they were generally 
proposed based on the models in circular columns (e.g. Lam and Teng 2003b; Lim and 
Ozbakkalogu 2014; Ozbakkalogu 2013). Herein, Lam and Teng (2003b) proposed a 
model for concrete in rectangular FRP-confined solid columns (FCSCs). In this model, 
the equations for predicting the compressive strength and the ultimate axial strain of 
concrete was developed through introducing a shape factor on the aforementioned 
model of Lam and Teng (2003a). Afterwards, Yu et al. (2013) suggested the model of 
Lam and Teng (2003b) could be further implemented though making modifications to 




However, the models mentioned above cannot be used to predict the behaviour of 
concrete in circular hybrid DSTCs. Given a certain axial strain, the expansion of 
concrete and the confinement pressure in circular hybrid DSTCs, are smaller than that 
in circular solid columns, due to the inner void. Through introducing an equivalent void 
ratio ∅ in the equation for predicting ultimate axial strain, Yu et al. (2010b) modified 
the model of Teng et al. (2009), and proposed a design-oriented model for the concrete 
in circular hybrid DSTCs. After that, Yu and Teng (2013) modified the models of Lam 
and Teng’s (2003b), and proposed two design-oriented models for the concrete in 
square hybrid DSTCs. 
 
2.2.4 Buckling Behavior of Steel Inner Tube in Hybrid DSTCs 
 
 In hybrid DSTCs, the outward buckling of the inner steel tube is constrained by the 
surrounding concrete and the outer FRP tube (Teng et al. 2007), but its inward buckling 
is still possible (Wong et al. 2008; Fanggi and Ozbakkaloglu 2014; Yu et al. 2017).  
 
In Wong et al.’s (2008) study, steel tubes with the same dimensions and properties as 
those in the hybrid DSTCs were tested for comparison. It was found that when hollow 
steel tubes were tested alone under comparison, they either failed by the “elephant’s 
foot” outward local buckling (for tubes with relatively small length-to-diameter ratios) 
or a combination of overall buckling and local buckling (for tubes with relatively large 
length-to-diameter ratios) (Fig. 2.6). However, the buckling of the inner steel tube in 
most hybrid DSTCs was completely prevented before the rupture of the FRP tube. 
Slight buckling of the steel tubes (Fig. 2.7) was only found in DSTC specimens with 
the strongest FRP tube (i.e. FRP tube with a nominal thickness of 0.51 mm). Even for 
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these specimens, the buckling of the steel tube occurred at a much larger strain than the 
buckling strain of hollow steel tubes tested alone. The local buckling of steel tube in 
these specimens was believed to be due to the large axial deformation of the specimens 
before the final failure (a strong FRP tube generally leads to a large ultiamte axial 
strain). In addition, the test results showed that such buckling did not have a significant 
effect on the overall behavior of these DSTC specimens. 
 
Yu et al. (2017) presented an experimental study on hybrid DSTCs with a large rupture 
strain (LRS) FRP tube. The outer FRP composite employed in this study was the 
polyethylene terephthalate (PET) FRP tube with a rupture strain of more than 7%. 
Because of the use of the LRS FRP tube, the ultimate axial strains of the hybrid DSTCs 
were very large (e.g. over 10%). As a result, significant inward buckling of the inner 
steel tube (in Fig. 2.8) was found, which led to significant load reduction during the 
tests. The recorded videos and attached longitudinal strain gauges on the inner steel 
tube indicated that the local buckling approximately occurred at the first peak load of 
columns (in Fig. 2.9). Furthermore, the results also showed that a thicker FRP tube led 
an enhancement of the first peak load of the columns and delay of the local buckling 
of the inner steel tubes. For the hybrid DSTC specimens with a four-ply LRS FRP tube, 
the axial shortening of the buckling occurred at a strain which is around 2.55 times the 
buckling strain of the hollow steel tube. On the other hand, the results indicated that 





Cavill and Yu (2014) presented an experimental study of the compressive behavior of 
rectangular hybrid DSTCs which consist of a rectangular outer FRP tube and two 
circular inner steel tubes (in Fig. 2.10). A total of nine specimens were tested, including 
seven DSTC specimens, one FCSC specimen and one FCHC specimen. The tested 
parameters of hybrid DSTCs were the thickness of the FRP tube and the diameter-to-
thickness ratio of the inner steel tube. The buckling of inner steel tubes was found to 
occur in all the tested DSTC specimens except one specimen in which the steel tubes 
had the smallest diameter-to-thickness ratio in the tests. The typical buckling mode was 
found to be an approximate triangle (Fig. 2.11), which is quite different from that 
observed in the compression tests of hollow steel tube. Such a deformed shape, with 
large inward deformation at the location close to the corners of the FRP outer tube, was 
believed to be due mainly to the non-uniform confinement in these columns: in an FRP-
confined rectangular column, the confinement from the corners is normally much larger 
than the confinement from the flat sides. Similar observations were also made by 
Fanggi and Ozbakkaloglu (2015) (Fig. 2.12).  
 
2.3 BEHAVIOR OF CONCRETE COLUMNS CONFINED WITH FRP 
COMPOSITES OF LARGE DEFORMABILITY 
 
In civil engineering applications, the three most commonly used FRP composites are 
carbon FRP (CFRP), glass FRP (GFRP), and aramid FRP (AFRP) composites. These 
materials all have a linear elastic stress-strain response with a relatively small rupture 
strain (i.e. around 1.5% for CFRP, around 2.5% for GFRP, and around 3% for AFRP). 
As DSTCs generally fail by rupture of the outer FRP tube, their ultimate axial 
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deformation (strain) depends significantly on the rupture strain of the FRP tube. When 
a large rupture strain (LRS) FRP tube is used in DSTCs, the ductility of the columns is 
expected to be better than those with a conventional FRP (CFRP, GFRP or CFRP) tube, 
but the buckling of steel tube can become a potential problem (Yu et al. 2017).  
 
Large rupture strain FRP composites, including mainly polythylene naphthalate (PEN) 
or polyethylene terephthalate (PET) FRP, were employed for the seismic retrofit of RC 
columns since around 10 years ago (Anggawidjaja et al. 2006; Dai and Ueda 2012). 
These FRP composites typically have a rupture strain (LRS) larger than 5%, but a 
relatively low elastic modulus (e.g. less than 15 GPa) (Dai et al. 2011) (Fig. 2.13). 
Compared to conventional FRPs, the PET FRP or PEN FRP composites are “green 
material” which are made from waste products such as plastic bottles (Lechat et al. 
2011). Therefore, the use of LRS FRPs was regarded as a more economical and ductile 
solution for seismic retrofit applications (Ueda 2009). Indeed, these FRP jackets did 
not rupture even when the structure had undergone very large deformation.  
 
Dai et al. (2011) presented a combined experimental and theoretical study on the 
behavior of circular FRP-confined columns under monotonic concentric compression. 
A total of 36 FRP-confined concrete cylinders with a diameter of 152 mm, a height of 
305 mm and the concrete cylinder strength range from 32.5 MPa to 39.2 MPa were 
tested. Five types of FRP composites, namely, PET FRP, PEN FRP, GFRP, CFRP and 
AFRP, were employed and prefabricated by a wet-layup process and used in the tests. 
The experimental results were discussed with a focus on the behavior of PEN FRP and 
PET FRP-confined concrete. The experimental results showed that the ductility of 
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concrete columns was significant enhanced by LRS FRPs because of their large rupture 
strains (Fig. 2.14).   
 
2.4 BEHAVIOR OF HOLLOW STEEL TUBES STIFFENED BY 
LONGITUDINAL RIB STIFFENERS 
 
Thin-wall steel bridge piers are widely used for high way bridges in the urban area, 
especeally in Japan (Susantha et al. 2005). However, it has been shown from the past 
experimental studies and earthquakes that local buckling is a common failure mode for 
hollow steel tubes (Rotter 1990; Ge and Usami 1992; Kitada et al. 2002; Susantha et 
al. 2005). These columns eventually failed as a result of loss of strength and ducitily. 
Therefore, a number of methods have been proposed for the seimic retrofit of hollow 
steel tubes as bridge piers where enheancement of ducitility without a significant 
strength increase is preferred. One of the effective retrofit methods is to weld additional 
longitudinal stiffeners on either the outside (Tao et al. 2005) or the inside (Ge and 
Usami 1992; Kitada et al. 2002; Susantha et al. 2005; Ismail et al. 2012) of the tubes 
for delaying the local buckling of steel tubes (in Fig. 2.15). 
 
Ge and Usami (1992) presented an experimental study on the behavior of steel square 
box stub columns with longitudinal stiffeners on the inner surface of the steel box 
columns. Four steel square box columns were tested. In the experiments, the effects of 
the width-thickness ratio and rigidity of stiffeners on the behavior of steel columns 
were examined. The test results confirmed that longitudinal stiffeners are very effective 
against the local buckling of the steel box columns: for the same amount of steel, the 
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steel column with longitudinal stiffeners had twice the loading capacity of the steel 
column without longitudinal stiffeners, showed a larger axial deformation at the 
ultimate load and a better ductility.    
 
Susantha et al. (2005) presented an experimental investigation on the use of both 
longitudinal stiffeners and low-yield-strength (LYS) steel for improved ductility and 
loading capacity of square box-shape steel bridge piers. A total number of six 
specimens were tested under cyclic lateral loads and a constant axial load. Columns 
with three section configurations were tested: (1) steel box columns without stiffeners; 
(2) steel box columns with two stiffeners on each side; (3) steel box columns with five 
stiffeners on each side (Fig. 2.16). The test results showed that the buckling of the steel 
column without stiffeners appeared at a lateral displacement which were twice the 
lateral displacement at the yield point of steel (termed as 𝛿𝑦). For steel columns with 
two or five ribs, only concave shaped local buckling waves between ribs were observed 
starting from a displacement of 3𝛿𝑦. Additionally, for the steel column with five ribs 
on each side, the local buckling deflection between ribs was found much smaller than 
that of the specimens with two ribs. It is demonstrated that the inclusion of ribs was 
much more effective than simply increasing the thickness of the unstiffened plates. The 
load capacity and ductility of steel columns with ribs were both larger than those of the 
steel columns without ribs. 
 





Concrete-filled steel tubes (CFSTs) have been widely used as compressive members 
for high-rise buildings and bridges around the world due to its high strength, good 
ductility and large energy-absorption capacity (Tao et al. 2005). However, existing 
studies have shown that CFSTs is prone to local outward buckling of the steel tube 
(Yang et al. 2014) (Fig. 2.17). To reduce the detrimental effects of the local buckling 
of CFSTs, the use of longitudinal rib stiffeners (Fig. 2.18) was explored in some 
previous experimental studies (Ge and Usami 1992; Kwon et al. 2000; Tao et al. 2005). 
In these studies, longitudinal stiffeners were typically welded to the inner surface of 
the steel tube for aesthetic reasons.   
 
Ge and Usami (1992) appears to be the first to investigate the behavior of CFSTs with 
a rib-stiffened stiffened steel tube. A total of six square CFSTs with or without 
longitudinal stiffeners were tested under the axial compression. The experimental 
results showed that the local buckling of steel tube occurred before the termination of 
tests of the specimens for both square CFSTs with and without longitudinal stiffeners. 
The square CFSTs with longitudinal stiffeners displayed a higher axial load and a better 
ductility than their counterparts without stiffeners.  The longitudinal stiffeners in these 
columns, being welded on the inner surface of the steel tube, were embedded in the 
concrete. Therefore, their own buckling was well restrained by the surrounding 
concrete (Fig. 2.19), making them highly effective in restraining the buckling 
deformation of the steel tube.   
 
Tao et al. (2008, 2009) mentioned that the shear strength of the columns and the bond 
strength between the concrete and the steel tube were both enhanced by the additional 
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longitudinal stiffeners, especially when saw-shaped and wide longitudinal stiffeners 
were used. As the local buckling of steel tube is effectively delayed in CFSTs with 
stiffeners, the load-carrying capacity of the columns was found to be considerably 
larger than the sum of the capacities of the concrete and the steel tube (e.g., Kwon et 
al. 2000; Tao et al. 2005, 2007, 2009; Zhu et al. 2017). Tao et al. (2007) and Zhu et al. 
(2017) also found that the use of wider and/or a larger number of longitudinal stiffeners 
led to better structural performance of CFSTs.  
 
2.6 FINITE ELEMENT ANALYSIS OF STEEL TUBE  
 
Full-scale experiment tests can be used to provide an excellent insight into the 
understanding of the behavior of the structural members, but they are generally 
expensive and time inefficiency. Furth, the different parametric studies are difficult to 
conduct by laboratory experiments. Therefore, the development of numerical 
modelling has been widely adopted in engineering research (Dai and Lam 2010). The 
analysis of structural members can be easily accessible, well maintained and possibly 
extendable through building a finite element model. 
 
Teng and Hu (2007) proposed a new retrofit method of using FRP jackets to confine 
the steel tube. In Teng and Hu (2007), the software ABAQUS was employed to 
simulate the tested FRP-confined steel tubes. The steel tube was analysed using 
elements S4R. The element type of S4R is a 4-node doubly curved general-purpose 
shell elements with the effect of transverse shear deformation included. Each node has 
six degrees of freedom. To provide accurate predictions for the finite element of steel 
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tube, a mesh convergence study was conducted firstly. The geometric and material 
nonlinearities have been employed and the nonlinear load-deformation path was 
followed by the arc-length method. For the boundary condition of the steel tube adopted 
in FE models, the pinned ends and clamped ends support conditions were tried. The 
results shown that the clamped end condition is more appropriate for the tube. Based 
on the compression of the results from finite element and experiment, a geometric 
imperfection of 0.2mm was included for the FE models.  
 
Ellobody et al. (2006) presented a paper about the behaviour and design of axially 
loaded circular concrete-filled steel tubular stub columns. The model of the columns 
was divided into three main components which are the confined concrete, the circular 
steel tube and the interface between the concrete and the steel tube. For the steel tube, 
three dimensional eight-node solid elements are used because of their superior 
efficiency in modelling. Different mesh sizes were tried in order to find a reasonable 
mesh that can provide both accurate results and less computational time. Comparing 
the FE results with the testing results, the mesh sizes ratio of 1 (length):1 (width): 2 
(depth), for most of the elements, can achieve accurate results. In addition, the fixed 
ends boundary condition of the steel tube was adopted in the models.  
 
Dai and Lam (2010) investigated the axial compressive behaviour of short concrete-
filled elliptical steel columns using the ABAQUS/Standard solver. For the steel tube 
component, three dimensional 8-node solid elements C3D8 was adopted. They 
mentioned that the shell element and solid element can both be used to simulate the 
compressive deformation and local buckling of steel tube, but the reduced thickness of 
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shell elements would significantly impair the simulation accuracy of concrete 
confinement and bond between the concrete core and the outer steel tube. In addition, 
the fixed ends condition and imperfection of the steel tube were adopted for all of their 
FE models. 
 
2.7 CONCLUDING REMARKS 
 
This chapter has presented a wide-ranging review of the existing literature that is 
relevant to the present study. The aspect covered in this review has included the 
behavior of hybrid DSTCs, concrete confined with LRS FRP composites as well as 
hollow and concrete-filled steel tubes with longitudinal stiffeners.  
 
The review indicated that in hybrid DSTCs, the inward buckling of the steel tube is still 
possible. Such inward buckling can become significant in non-circular hybrid DSTCs 
due to the non-uniform confinement, in hybrid DSTCs with a strong and/or LRS FRP 
tube due to the large axial deformation of the columns, and/or in hybrid DSTCs with a 
thin steel tube. In these cases, the stiffening of the inner steel tube is necessary to 
minimize the negative consequences of possible inward local buckling of the steel inner 
tube to the column behavior. 
 
The review also indicated that welding longitudinal rib stiffeners has been extensively 
demonstrated to be a feasible and effective measure to delay the local buckling of 
hollow and concrete-filled steel tubes and to improve the structural performance of the 
columns. In addition, the longitudinal stiffeners can lead to significant enhancement of 
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the bond strength between the concrete and the steel tube in CFSTs. The effectiveness 
of the rib stiffeners was found to increase with their number and width. 
 
It may be concluded from the review that hybrid DSTCs with a rib-stiffened steel tube 
can be a very promising structural member; they can be particularly advantageous for 
hybrid DSTCs with a non-circular outer LRS FRP tube. The properties of the 
longitudinal stiffeners, including their number and width, may have a significant effect 






Figure 2.1:  





Figure 2.2: Stress-strain curves of confined concrete in various column forms (Wong 






Figure 2.3: Cross-sectional details of specimens tested by Yu and Teng (2013).  
 
 

















Figure 2.7: Inner steel tubes of typical DSTCs after tests (Wong et al. 2008). 
 
 





Figure 2.9: Buckling process of the steel tube in one DSTC: (a) Axial load-shortening 




Figure 2.10: Typical cross-sections of rectangular DSTC, FCHC and FCSC (Cavill 





Figure 2.11: Buckling deformation of steel tubes in rectangular DSTCs. 
 
 










Figure 2.14: LRS FRP confined solid concrete columns under axial compression (Dai 










Figure 2.16: Steel box-shape columns with or without longitudinal stiffeners 











Figure 2.18: Cross sections of CFSTs with and without the stiffened steel tube tested 

















As reviewed in Chapter 2, steel tubes normally failed by local buckling when loaded 
under axial compression. For circular steel tubes, the buckling is normally in the so-
called “elephant’s foot” mode before or after yielding, leading to substantial load 
reduction.  Existing studies have demonstrated that the buckling behavior of steel tubes 
can be significantly improved by welding longitudinal stiffeners on their outer surface. 
This chapter presents a combined theoretical and experimental study to further 
investigate the nonlinear buckling behavior of steel tubes with or without longitudinal 
stiffeners. The study to be presented in this chapter serves as a basis for the concept 
development of hybrid DSTCs with a rib-stiffened steel inner tube (R-DSTCs), and 
helps to understand the behavior of the steel inner tube in such DSTCs. Finite element 
(FE) models developed using the software ABAQUS for unstiffened steel tubes are 
presented first, which are verified against the results reported in a previous study by 
Teng and Hu (2007). Effects of boundary conditions and element types are also 
clarified in the development of the models. The FE models are then extended for steel 
tubes stiffened with longitudinal stiffeners, and their predictions compared with results 
from a series of compression tests conducted in the present study. The effect of various 
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parameters of longitudinal stiffeners on the buckling behavior of the steel tube are 
discussed based on the test and FE results. 
 




The general-purpose FE software ABAQUS (ABAQUS 6.12) was employed for all the 
FE modeling in this study. Both geometric and material nonlinearities were considered, 
and the nonlinear load-deformation path was followed by the arc-length method. FE 
modeling of unstiffened steel tubes was first conducted to clarify the effect of boundary 
conditions and the use of different elements, and to verify the approach adopted in the 
presented study. Results of the unstiffened steel tube tested and simulated by Teng and 
Hu (2007) are used as an independent source to verify the developed FE models.  
 
3.2.2 Boundary Conditions  
 
FE models were established to investigate the effect of boundary conditions. In these 
FE models, the steel tube was modelled using S4R elements which is 4-node doubly 
curved shell elements with the reduced integration. Each node has six degrees of 
freedom (including three translations and three rotations). The whole steel tube was 
uniformly meshed with 5 mm x 10 mm elements after a mesh convergence study. The 
longer side of the element lies in the circumferential direction. The tube wall contains 
nine integration points across the thickness to provide accurate predictions. Geometric 
imperfection with an amplitude of 0.02 mm was adopted following Teng and Hu (2007). 
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The J2 flow theory was adopted to model the plastic behavior of steel, and the stress-
strain curves of steel reported in Teng and Hu (2007) were used (Fig. 3.1).  
 
Two boundary conditions were considered in the FE modeling: (a) the two ends of the 
steel tube were fully fixed except that the axial displacement of the top end was set free 
to allow the application of axial loading; (b) the two ends of steel tube were pinned, 
and the axial displacement of the top end was left free.  
 
3.2.3 Element Type  
 
In the present study, the use of another type of elements, namely, SC8R elements, 
instead of S4R elements were also explored in the FE model.  The SC8R element is an 
eight node hexahedron continuum shell element with the reduced integration. Each 
node has only three degrees of freedom (i.e. translations). Unlike conventional shell 
elements (e.g. S4R element), the continuum shell elements (e.g. SC8R element) can be 
stacked to provide more refined through-thickness response and includes the effects of 
transverse shear deformation and thickness change (ABAQUS User’ Manual). In the 
FE model, the stacking direction of the elements was adopted from the inner surface of 
the tube to the outer surface, and the continuum shell elements contained nine 
integration points across the thickness. The elements of dimensions of 4.2 mm x 3 mm 
x 2 mm were adopted based on results from a mesh convergence study. The geometric 
imperfection and the stress-strain curve of steel adopted in the FE model were both the 
same as those in the FE model introduced above with S4R elements. Furthermore, the 




The axial load-axial shortening curves of the steel tube modelled with the two different 
boundary conditions are shown in Fig. 3.2, while the deformed shapes of the steel tube 
for the two conditions are shown in Fig. 3.3a and 3.3b. Both figures show the same 
predictions as those by Teng and Hu (2007). It is evident from Fig. 3.3 that the 
“elephant’s foot” occurs exactly at the top end with rotation of the end nodes for the 
pinned-end condition, while occurs at a distance from the top end with no rotation of 
the end nodes for the fixed-end condition. Fig. 3.2 shows that the FE curve using the 
fixed-end boundary condition is significantly closer to the test curve.  
 
The axial load-axial shortening curve of the steel tube modelled with SC8R elements 
is also shown in Fig. 3.2 for comparison. The figure shows the predicted curve of the 
FE model using SC8R elements is very close to the predicted curves of the model with 
S4R elements under the fixed-end condition, and appears to be slightly closer to the 
test results compared to the latter. In addition, with SC8R elements, the thickness of 
the tube can be physically simulated because of its three-dimensional nature, the use of 
such elements allows easy definition of the contact between two connecting parts. 
Therefore, SC8R elements are used in all the FE models presented hereafter, unless 
otherwise specified.  
 






With the confidence in the FE models presented above, they were extended for the 
simulation of steel tubes with longitudinal stiffeners. In this section, an investigation, 
using the extended FE models as well as a series of axial compression tests conducted 
in the present study, is presented to clarify the effect of various parameters of the 
longitudinal stiffeners. The axial compression tests are presented first, followed by 
detailed introduction and discussions of the FE models and results.  
 
3.3.2 Axial Compression Tests 
  
3.3.2.1 Test program 
 
Four R-STs, as well as an unstiffened steel tube for comparison, were tested under axial 
compression. The steel stiffeners were welded on steel tubes in accordance with the 
Australian welding standard (AS-1554.1 2011). All the steel tubes were cut from one 
long steel tube, and the only difference between the four R-STs was the rib stiffeners. 
The first R-ST specimen had four rib stiffeners, each with a width of 50 mm and a 
thickness of 5 mm, and was named R-4-50-5 (Fig. 3.4a). The second specimen had four 
rib stiffeners, each with a width of 32 mm and a thickness of 5 mm, and was named R-
4-32-5 (Fig. 3.4b). The third R-ST specimen had four rib stiffeners, each with a width 
of 50 mm and a thickness of 3 mm, and was named R-4-50-3 (Fig. 3.4c). The fourth R-
ST specimen had eight 3 mm thick rib stiffeners, four of which had a width of 50 mm 
while the other four had a width of 32 mm, and was named R-8-50/32-3 (Fig. 3.4d). 




Tensile coupon tests were conducted for the steel tube and the steel bars following the 
standard BS EN ISO (2009). Two strain gauges were attached at the middle height of 
both sides of a steel coupon to measure the longitudinal strains. The averaged values 
of elastic modulus Es, yield stress fy and tensile strength fu of steel coupons are 
summarized in Table 3.2, and typical stress-strain curves are shown in Fig. 3.5a and b. 
 
All the tests were conducted using a 500-tonne Denison compression test machine with 
a displacement control rate of 0.6mm/min. Two distributed linear variable displace 
transducers (LVDTs) were applied to measure the axial shortening of the tube, while 
two or four strain gauges were attached at the mid-height of each specimen, as shown 
in Fig. 3.6. 
 
3.3.2.2 Test results  
 
The failure modes of the four R-STs and the unstiffened steel tube are shown in Fig.3.7. 
For the unstiffened tube, local buckling in the mode of “elephant’s foot” occurred as 
expected (Fig.3.7a). For the steel tube with four relatively narrow and thick stiffeners 
(i.e. Specimen R-4-32-5), outward local buckling near one end similar to the 
“elephant’s foot” mode still occurred; local buckling of the stiffeners also occurred at 
approximately the same height (Fig. 3.7b). For the other R-ST specimens, Fig. 3.7c-e 
show that the “elephant’s foot” buckling near one column end was generally prevented 
by the longitudinal stiffeners and did not occur. Instead, inward buckling occurred at 
various locations in between the steel stiffeners of these specimens. The buckling 
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deformation of the steel tube appears to be more severe in the specimens with four 
stiffeners than in the specimen with eight stiffeners. It is also evident from Fig. 3.7c-e 
that significant local buckling of the longitudinal rib stiffeners occurred, and such 
buckling appears to be more severe for specimens with thin stiffeners (i.e. Specimens 
R-4-50-3 and R-8-50/32-3). The local buckling of the rib stiffeners should have had a 
significant effect on the axial load-strain behavior of R-STs, as discussed below in this 
section.  
 
The axial strains of the steel tubes during the tests can be obtained by two approaches: 
(1) using the average readings of the two strain gauges attached at the mid-height (Fig. 
3.6); and (2) calculated using the readings from the two LVDTs measuring the axial 
shortening of the tubes. The latter is referred to as the nominal axial strain in this thesis. 
Fig. 3.8a and b show a comparison of the axial strains obtained using the two 
approaches and the resulting axial load-strain curves for the unstiffened steel tube. It is 
evident from Fig. 3.8 that: (1) the nominal axial strain was generally larger than the 
mid-height axial strain at the initial stage of loading (Fig. 3.8a) because the ends of the 
tube were not in intimate and perfectly uniform contact with the loading plates; as a 
result, the slope of the axial load-nominal strain curve is smaller than that of the axial 
load-strain curve (Fig. 3.8b) ; (2) after a short time, the increase rates of the two strains 
became almost the same as each other (i.e. the black curve becomes parallel to the 
diagonal curve in Fig. 3.8a) until the buckling occurred; and (3) the mid-height axial 
strains started to become constant or even decrease after the local buckling occurred at 
one tube end (i.e. away from the locations of the strain gauges) (Fig. 3.8a). For other 
stiffened steel tubes, similar observations could be made except that after buckling, the 
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strains measured by the strain gauges became quite different, depending on the actual 
location of buckling. Based on the above observations, axial load-nominal axial strain 
curves are used in the following discussions to represent the overall behavior of the 
tubes, with the following adjustment to address the first observation above: the strain 
at the end of the initial linear portion of the axial load-nominal axial strain curve was 
made to be the same as that of the axial load-axial strain curve. The adjusted curve is 
also shown in Fig. 3.8b.     
 
The axial load-nominal axial strain curves of all R-STs and the unstiffened steel tube 
are compared in Fig. 3.9a-d. The buckling axial strain is found to be the strain at the 
peak load of the specimen, these figures generally shows that the buckling axial strain 
(marked on the figures) of the unstiffened steel tube was considerably increased by the 
longitudinal rib stiffeners. This definition of buckling strain is used hereafter in the 
discussions unless otherwise specified, but it should be noted that it is only an indicator 
of the overall behavior of the tubes. In some specimens, the buckling of stiffeners may 
have occurred well before the buckling strain defined above.  
 
By comparing the curves of Specimens R-4-50-3 and R-8-50/32-3, Fig. 3.9a shows that 
the buckling axial strains of the two were similar. However, the load decreased more 
gradually after the buckling strain in this specimen (i.e. R-8-50/32-3), suggesting that 
the additional four stiffeners helped to constrain the development of buckling of the 




Specimens R-8-50/32-3 and R-4-50-5 had similar cross-section areas of stiffeners (984 
mm2 and 1000 mm2, respectively). Fig. 3.9b compares the curve of the two and shows 
that the peak load and buckling axial strain of the latter were both larger than the former. 
This is because that the steel stiffeners in Specimen R-8-50/32-3 were thinner and their 
buckling occurred earlier and was more severe, so their contribution to the load 
capacity of the whole specimen was lower than those in Specimen R-4-50-5. However, 
it is interesting to note that the overall load deceased much more gradually after the 
buckling strain in Specimen R-8-50/32-3, suggesting that the buckling of the steel tube 
was more effectively restrained by a large number of thin stiffeners despite the severe 
buckling of the stiffeners.    
 
In Fig. 3.9c, the comparison shows that the buckling axial strain of Specimen R-4-50-
5 which had wider stiffeners (50 mm) is less than that of Specimen R-4-32-5 which had 
narrower stiffeners (32 mm). This was found to be because of the earlier and more 
severe local buckling of the stiffeners in the former; the behavior of the steel tube in 
the two appeared to be similar. By comparing the curves of Specimens R-4-50-3 and 
R-4-50-5, Fig. 3.9d shows that both the peak load and buckling axial strain increased 
with the thickness of the stiffeners.  
 
3.3.3 FE Modeling  
 
3.3.3.1 FE models 
 
FE models were built for the stiffened and unstiffened steel tubes tested in the present 
study, based on the FE models presented above for the unstiffened steel tube tested by 
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Teng and Hu’s (2007). The two ends of the steel tubes were fully fixed except that the 
axial displacement of the top end was set free to allow the application of axial loading. 
SC8R elements with nine integration points long the thickness direction were adopted 
for both the steel tube and the stiffeners which were plotted together by sharing 
common nodes (neglected the welding joint). The J2 flow theory was adopted to model 
the plastic behavior of steel, and the experimental stress-strain curves were used to 
generate the input data for ABAQUS (Fig. 3.5a and b). Elements of dimensions of 4.8 
mm x 4.8 mm x 3 mm were adopted for the steel tube, while elements of dimensions 
of 5 mm x 4.8 mm x 3mm and 5 mm x 4.8 mm x 5mm were adopted for the stiffeners 
with the thickness of 3 mm and 5 mm, respectively, based on results from a mesh 
convergence study. Half-wave imperfection was adopted in the modelling. The half-
wave length of the sine curve was calculated by the equation of 1.728√Rsts to be 
34.23mm (Teng and Hu 2007), where Rs and ts are the radius of the tube middle surface 
and the tube thickness. This value is equal to the critical half-wave length for the 
classical axisymmetric elastic buckling mode of the axially-compressed cylinders 
(Rotter 2004).  Following Rotter (2004), the imperfection amplitude of the steel tube 
was determined to be 0.022 mm.   
 
3.3.3.2 Comparison with test results 
 
Fig. 3.10 shows a comparison between the FE results and the test results for the 
unstiffened steel tube tested in the present study. It is evident that the FE model 
provides accurate predictions of the initial linear portion and the buckling axial strain, 
but slightly overestimates the portion after the yielding of steel (by less than 5% in 
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load). Nevertheless, the predicted curve appears to be parallel to the test curve both 
before and after buckling. A possible source for this slight overestimation is the input 
stress-strain curve of steel. In the FE model, the stress-strain curves obtained from 
coupon tests were used, in which the stresses were calculated by dividing the loads by 
the cross-sectional area of the coupons. In the preparation of the steel coupons, the 
surfaces were ground to attach strain gauges, so its actual thickness might be slightly 
smaller than the thickness of the steel tube, but this slight difference was not considered 
in the calculation. If the loss of steel thickness in the steel coupons is assumed to be 
0.25 mm, then the predicted curve (labeled as “FE result (adjusted)”) almost coincides 
with the test curve as shown in Fig. 3.10.  Fig. 3.11 shows that the deformed shape of 
the unstiffened steel tube from the FE model match very well with that from the test. 
 
The axial load-nominal axial strain curves from the FE models and the tests are 
compared in Fig. 3.12a and b for all the stiffened tubes.  It is evident that the FE results 
are very close to the test results for all the specimens. Furthermore, the failure modes 
from the FE models are compared with the test results in Fig. 3.13a-d. It is evident that 
they match very well with each other, suggesting that the FE models established in the 
present study can provide accurate predictions of not only the overall load-strain 
behavior of R-STs, but also their various buckling modes.  
 
3.3.3.3 Further analysis using FE models 
 
The FE models can be used to conduct numerical tests for specimen configurations not 
covered in the tests. The FE models can also be used to further investigate the behavior 
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of the stiffened steel tubes. For example, the load taken by the steel tube only (i.e. 
excluding the contributions from the stiffeners) is difficult to be obtained from the tests 
of R-STs, but can be easily extracted from the FE results.  
 
To further examine the effect of width and thickness of stiffeners, Fig. 3.14a and 3.14b 
compare the FE results of four numerical specimens in terms of the overall axial load-
axial strain curves and the axial load taken by the steel tube only versus axial strain 
curves. Among the four specimens, three have the same properties as three specimens 
tested in the present study (i.e. R-4-50-3, R-4-50-5, R-4-32-5), while an additional 
specimen, with four stiffeners of a thickness of 3 mm and a width 32 mm, was modeled 
for comparison. This specimen is named R-4-32-3 and its details are also summarized 
in Table 3.1.    
 
Fig. 3.14a shows that the specimens with thicker stiffeners (i.e. R-4-50-5 and R-4-32-
5) generally have higher curves compared with their counterparts with thinner 
stiffeners (i.e. R-4-50-3 and R-4-32-3); the buckling strains of the former are also larger. 
However, an increase in the width of the stiffeners does not always lead to an 
enhancement in the load capacity and the buckling strain. For example, the curve of 
Specimen R-4-50-3 is lower than that of Specimen R-4-32-3; the buckling strain of the 
former is also smaller. This is because that the increase of width of stiffeners makes the 
stiffeners prone to buckling by themselves, which consequently affects affect the 




The axial load taken by the steel tube only can be examined by Fig. 3.14b. It is evident 
that the ductility of the steel tube is significantly improved by the stiffeners. By 
comparing the curves of Specimens R-4-50-3 and R-4-32-3, it is evident that although 
the peak load of the former is lower than the latter, the load reduction after the peak 
load is much more gradual for the former. This observation suggests that although 
wider and thin stiffeners (e.g. those in Specimen R-4-50-3) may suffer from their own 
buckling, they are still more effective in constraining the buckling development of the 
steel tube, compared with narrower stiffeners (e.g. those in Specimen R-4-32-3).  
 
Fig. 3.15 compares the FE results of Specimens R-8-50/32-3 and R-8-50-3 where the 
latter is a numerical specimen, and the only difference between the two is that the 
stiffeners in the latter all had a width of 50 mm (Table 3.1), but some of the stiffeners 
in the former had a width of 32 mm (Fig. 3.4). Fig. 3.15 generally shows that the 
difference in the width of some stiffeners has only a minor effect on the overall 
behavior of the R-STs as well as the behavior of the steel tube only. The configuration 
of stiffeners in Specimen R-8-50/32-3 can therefore be an effective configuration for 
the steel tube in square hybrid DSTCs, in which the wider stiffeners can be placed near 
the corners while the narrower stiffeners can be placed near the flat sides. 
 
Fig. 3.16 further examines the FE results of Specimens R-4-50-5 and R-8-50/32-3 in 
terms of the load taken by the steel tube only. As mentioned above, the two specimens 
had similar cross-section areas of stiffeners, but the former used a smaller number (i.e. 
four) of thick stiffeners while the latter used a larger number (i.e. eight) of thin 
stiffeners. Fig. 3.15 shows that although Specimen R-8-50/32-3 had a lower curve 
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because of the negative effect of the early buckling of the thin stiffeners, the load 
reduction after buckling of this specimen is more gradual than Specimen R-4-50-5. 
 
The FE models can also be used to examine in detail the deformed shapes of the 
specimens. As examples, Figs. 3.17 and Fig. 3.18 show the deformed shape of 
Specimens R-4-32-5 and R-4-50-5 during the loading process. The deformation of R-





In this chapter, a combined FE and experimental investigation has been presented on 
the nonlinear buckling behavior of R-STs. Results from axial compression tests of four 
R-STs and an unstiffened steel tube have been presented, which have also been used to 
verify the FE models built in the present study. Further analysis using the verified FE 
models to investigate the effect of various parameters, and the load taken by the steel 
tube alone, has also been presented. Based on the results and discussions presented 
above, the following conclusion can be drawn: 
 
1. The buckling strain as well as the ductility of the steel tube can be significantly 
increased by welding longitudinal rib stiffeners.  
 
2. The increase in the thickness of longitudinal rib stiffeners leads to a remarkable 




3. The increase in the width of longitudinal rib stiffeners may not always lead to 
enhancement in the structural performance of R-STs, as wider stiffeners are 
prone to buckling by themselves. However, the use of wider stiffeners appears 
to be always beneficial in constraining the buckling of the steel tube.  
 
4. When the same amount of steel was used for stiffeners, the R-ST with eight thin 
stiffeners had a lower peak load than the R-ST with four thick stiffeners, as the 
former suffer from earlier and more severe buckling of the thin stiffeners. 
However, a larger number of stiffeners appear to be more effective in 
constraining the buckling of the steel tube.  
 
When R-STs are used in hybrid DSTCs, the buckling of stiffeners is well constrained 
by the surrounding concrete and is unlikely to occur. Therefore, the above conclusions 
may suggest that the performance of hybrid DSTCs is likely to be enhanced with the 
increase of width, thickness and number of stiffeners, and that a larger number of thin 
stiffeners may perform better in hybrid DSTCs than a smaller number of thick stiffeners 




Table 3.1:  Specimen details 
 
Specimen ID 









ST -- -- -- Test / FE 1054 
R-4-50-5 5 50 4 Test / FE 1497 
R-4-32-5 5 32 4 Test / FE 1279 
R-4-50-3 3 50 4 Test / FE 1179 
R-8-50/32-3 3 50 / 32 8 Test / FE 1335 
R-8-50-3 3 50 8 FE only None 
































Steel tube 4.8 -- 201.3 200 358.3 465.3 
Flat bar 
(32-5) 
5 32 203.6 200 349.6 520.1 
Flat bar 
(50-5) 
5 50 200.2 200 347.3 515.6 
Flat bar 
(32-3) 
3 32 199.6 200 346.2 509.8 
Flat bar 
(50-3) 





























 Input material property of the steel tube
 
Figure 3.1: Stress-strain curve of steel adopted in FE models after Teng and Hu 
(2007). 





















 Prediction with S4R elements (Pinned ends)
 Prediction with S4R elements (Fixed ends)
 Prediction with SC8R elements
 






Figure 3.3: Deformed shapes of the steel tube, (a). Prediction with S4R elements 
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Figure 3.7: Failure modes of specimens: (a). ST (b). R-4-32-5, (c). R-4-50-5, (d). R-













































































































































































Figure 3.9: Effects of properties of stiffeners, (a) effect of amount of steel used in 
stiffeners, (b) effect of configuration of stiffeners under same used steel, (c) effect of 





























Figure 3.10: Comparison for the unstiffened steel tube: axial load-strain curves. 
 
 
Figure 3.11: Comparison of failure modes of the unstiffened steel tube. 
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Figure 3.12: Comparison for R-STs: axial load-strain curves; (a) Specimens with thin 











































































Figure 3.14: Effect of width and thickness of stiffeners: axial load-strain curves; (a) 
Steel tube and stiffeners, (b) Steel tube only. 
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Figure 3.15: Effect of width of stiffeners for an R-ST with eight stiffeners: axial load-
strain curves; (a) Steel tube and stiffeners, (b) Steel tube only. 
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Figure 3.17: Deformed shapes of Specimen R-4-32-5 at different stage; (a) Before 
buckling appeared, (b) When buckling appeared on longitudinal rib stiffeners, (c) 





Figure 3.18: Deformed shape of Specimen R-4-50-5 at different stages; (a) Before 
buckling appeared, (b) When buckling appeared on longitudinal rib stiffeners, (c) 





CHAPTER 4  
EXPERIMENTAL INVESTIGATION ON 
COMPRESSIVE BEHAVIOR OF HYBRID R-DSTCS 
4.1 INTRODUCTION 
 
This chapter presents a systematic experimental study on the behavior of hybrid R-
DSTCs under axial compression. In addition, compression tests were also conducted 
on hybrid DSTCs for comparison. The experimental program is first presented in this 
chapter, covering the specimen details, material properties, procedure for preparation 
of the specimens and the test setup and instrumentation. This is followed by a detalied 
description and discussion of the test results, with a focus on the buckling behavior of 
the steel inner tube. A comparsion between the test results of different specimens is 
then presented, clarifying the effects of the test variables. 
 
4.2 EXPERIMENTAL PROGRAM 
 
4.2.1 Test Specimens 
 
A total of 14 specimens were prepared and tested, including six pairs of hybrid R-
DSTC specimens and one pair of hybrid DSTC specimens for comparison; each pair 
included two nominally identical specimens. All the specimens had a height of 600 mm 
and a square FRP tube which had a side length of 240 mm (measured from the inner 
side of the tube) and four rounded corners each with a radius of 30 mm. The main test 
variables included the number, dimensions and shape of the rib stiffeners as well as the 
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thickness of the FRP tube. The six pairs of hybrid R-DSTC specimens covered two 
thicknesses of FRP tubes (i.e. comprising three and four plies of fibres, respectively), 
two configurations of ribs [i.e. one with four ribs (pointing to the four corners of the 
FRP tube, respectively) and another with eight ribs (four pointing to the corners and 
another four pointing to the middle of flat sides), see Fig. 4.1a], two thicknesses of ribs 
(i.e. 3 mm and 5 mm), two shapes of ribs (i.e. flat bars and wave-shape plates, see Fig. 
4.1b) and two widths of flat bars at the corners of the FRP tube (i.e. 50 mm and 25 mm). 
Fig. 4.1 shows the cross and longitudinal sections of the specimens while the details of 
the specimens are summarized in Table 4.1. In Table 4.1, each R-DSTC specimen is 
given a name which includes the following in sequence: (1) a letter “R” or “D” to 
represent R-DSTC or DSTC, respectively; (2) a number “4” or “8” to represent the 
number of ribs in each specimen; (3) a letter “A” or “B” to represent the thickness of 
ribs (i.e. 3 mm or 5 mm, respectively); (4) a letter “N”, “W”, or “S” to represent the 
shape and width of the ribs at the corners: “N” represents narrow ribs with a width of 
25 mm, “W” represents wide ribs with a width 50 mm, while “S” represents wave-
shaped ribs with details shown in Fig. 4.1; (5) a number “3” or “4” to represent the 
number of plies of fibres in the FRP tube; (6) a Roman numeral “I” or “II” to 
differentiate two nominally identical specimens of each pair. Each DSTC specimen is 
also given a name, which includes (1), (5) and (6) of the above. 
 
4.2.2 Material Properties 
 
The FRP tubes were made via a wet-layup process using PEN fibre sheets, with an 
overlapping length of 150 mm on one of the flat sides; the fibres were in the hoop 
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direction of the tubes. The PEN fibres are known to have a large rupture strain (>5%) 
and were used in the present study to ensure the occurrence of significant buckling of 
the steel tube in DSTCs, as explained in Chapter 1. Four FRP coupons, each with a 
width of 25 mm and a length of 250 mm, were prepared and tested under tension in 
accordance with ASTM D3039/D3039M (2014). Two large-deformation strain gauges 
were used on the two sides of each coupon to measure the longitudinal strains, 
respectively. The test results showed that the PEN-FRP had a rupture strain of 0.068 
and a tensile strength of 805 MPa based on a nominal thickness of 0.848 mm per ply.  
 
Self-compacting concrete with a maximum aggregate size of 10 mm was used to ensure 
the quality of concrete casting. Three standard concrete cylinders (150 mm × 300 mm) 
were prepared and tested to obtain the mechanical properties of concrete during the 
testing period of the DSTCs and R-DSTCs; the average compressive strength and axial 
strain at the peak stress, obtained from these tests, were 33.4 MPa and 0.0027, 
respectively.  
 
The rib stiffeners were all from the same batch and had the same nominal mechanical 
properties. Nevertheless, two steel coupons were prepared and tested for each type of 
rib stiffeners in accordance with BS EN ISO 6892 (2009). The test results confirmed 
that the differences in the mechanical properties of different types of rib stiffeners were 
very small. The average elastic modulus, yield stress and tensile strength found from 
these tests were 195 GPa, 358 MPa and 465 MPa, respectively. Two steel coupons were 
also tested for the steel tube, and the test results showed that the steel tube had an elastic 




In addition, one steel tube and four ribbed steel tubes, which were nominally identical 
to the steel tubes in Pairs D-3, R-4BN-3, R-4BW-3, R-4W-4, R-4AW-3, R-8AW-3, 
were tested under axial compression. The details of the four steel tubes and their 
ultimate load obtained from the compression tests are summarized in Table 3.1, while 
their load-shortening behavior is further discussed below in this chapter. 
 
4.2.3 Preparation of Specimens 
 
The steel stiffeners were welded on the outer surface of the steel tubes using the so-
called gas welding process in accordance with AS 1554.1 (2011). The steel stiffeners 
with a thickness exceeded 5mm were treated to make a wedge-shape for the welding 
side for improving the connection between the mother material and the welding 
material. The FRP tubes were prefabricated by a wet-layup process for wrapping the 
FRP sheet around a form column which had same dimensions of the concrete core. 
After that, strain gauges were attached to the steel tube and the ribs before they were 
fixed into prefabricated FRP tubes to form a mould for casting concrete (Fig. 4.2). in 
addition, all columns were left in the laboratory with the room temperature for concrete 
curing over 28 days.  
 
4.2.4 Test Set-up and Instrumentation 
 
Five hoop strain gauges (SG1 to SG5), each with a gauge length of 20 mm, were 
attached at the mid-height of the FRP tube of each specimen; two of the five strain 
gauges were attached at the corners while the other three at the flat sides, as shown in 
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Fig. 4.3. In addition, a number of axial strain gauges with a gauge length of 10 mm 
were installed, including two (SG6 and SG7) on the steel tube of each specimen and 
another two (SG8 and SG9) on the steel ribs of each R-DSTC specimen (see Fig. 4.3).  
 
Two pairs of liner variable displacement transducers (LVDTs) were used for each 
specimen: one pair for measuring the overall axial shortening of the specimen while 
the other pair for measuring the axial deformation of the 150 mm mid-height region of 
the specimen, as shown in Fig. 4.4. To monitor the buckling process of the inner steel 
tube in the specimens, a portable action camera was installed on the loading plate (see 
Fig. 4.5). 
 
All the tests were conducted using a 500-tonne Denison compression test machine. A 
displacement control rate of 0.6 mm/min was adopted at the beginning of each test, and 
then the rate was gradually increased to 1.2 mm/min after the yielding of the steel inner 
tube. All the test data, including strains, loads and displacements, were recorded 
simultaneously by a data logger. 
 
4.3 EXPERIMENTAL RESULTS AND DISCUSSIONS 
 
4.3.1 General Behavior 
 
All the DSTC and R-DSTC specimens failed by hoop rupture of the PEN-FRP tube at 
or near one of the corners, which was associated with a loud noise. The inner steel tube 
in the two DSTC specimens experienced significant local buckling which led to a 
considerable load reduction during the test, but such load reduction could be partially 
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recovered in the latter stage of loading which featured an increasing load with the 
displacement. The inner steel tube in the R-DSTC specimens also experienced 
significant local buckling, but the buckling was considerably delayed by the existence 
of the rib stiffeners, so the resulting load reduction was of significantly less magnitude 
and started at a much larger axial shortening compared with the DSTC specimens. 
Typical specimens after test are shown in Fig. 4.6. 
 
4.3.2 Comparison between DSTCs and R-DSTCs 
 
4.3.2.1 Axial load-axial shortening behavior 
 
The axial load-shortening curves of the two DSTC specimens (i.e. Specimens D-3-I, II) 
are compared with those of a typical pair of R-DSTC specimens (i.e. Specimens R-
4BW-3-I, II) in Fig. 4.7. Similar to circular hybrid DSTCs with a large rupture strain 
FRP tube (Yu et al. 2017), the curves of Specimens D-3-I, II can be divided into three 
branches (Fig. 4.7): (1) an approximately bilinear ascending branch; (2) a gradual 
descending branch caused by inward buckling of the inner steel tube; (3) a slightly 
ascending branch until the final failure by rupture of the FRP tube. By contrast, the 
curves of Specimens R-4BW-3-I, II only consist of an approximately bilinear 
ascending branch and a gradual descending branch (Fig. 4.7). Compared with their 
DSTC counterparts, the descending branches of Specimens R-4BW-3-I, II are 
significantly more gradual, while their initial ascending branches are evidently longer 
and end at a much larger peak load and the corresponding axial shortening; the 
difference in the peak load between Specimens R-4BW-3-I, II and D-3-I, II (i.e. 
averaged as 744 kN) is larger than the load capacities of the four rib stiffeners in the 
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former (i.e. 442 kN). It is also noted from Fig. 4.7 that Specimen R-4BW-3-I 
experienced a small load drop at an axial load of around 1500 kN; the additional axial 
shortening associated with the load drop made the curve of Specimen R-4BW-3-I 
deviate from that of Specimen R-4BW-3-II. This is believed to be due to a defect in 
preparation of Specimen R-4BW-3-I: the steel component in this specimen was slightly 
lower than the top surface of the concrete and they were not under direct compression 
at the beginning of the test. Nevertheless, this defect did not have a significant effect 
on the overall behavior of the specimen as evidenced by Fig. 4.7: the part of the curve 
of Specimen R-4BW-3-I after the small load drop appears to be almost parallel to that 
of Specimen R-4BW-3-II, and the peak loads of the two are almost the same. In the 
subsequent discussions, only the curve of Specimen R-4BW-3-II is used. 
 
The key test results of all the DSTC and R-DSTC specimens are summarized in Table 
4.3. In this table, 𝑃𝑢 and 𝑆𝑢 are the axial load and shortening at the point of FRP rupture, 
respectively, while 𝑃𝑓 and 𝑆𝑓 are the peak load and the corresponding axial shortening, 
respectively. For the DSTC specimens, the axial load (𝑃𝑡) and shortening (𝑆𝑡) at the 
trough point of the load-shortening curves (i.e., Point C in Fig. 4.7) are also provided. 
The ratio (𝑃𝑓 − 𝑃𝑡)/𝑃𝑓  (for DSTC specimens) or (𝑃𝑓 − 𝑃𝑢)/𝑃𝑓 (for R-DSTC 
specimens) in Table 4.3 represents the maximum load reduction before the ultimate 
failure of the specimens by the FRP rupture. It is evident from Table 4.3 that the 
maximum load reduction of the two DSTC specimens was over 20% because of the 
buckling of steel, but this can be much reduced to be less than 5% for some R-DSTC 




4.3.2.2 Buckling of steel tube 
 
The behavior of DSTC and R-DSTC specimens was significantly affected by the 
buckling of the inner steel tube. To examine the buckling process, the deformed shapes 
of the inner steel tube at different stages of loading, as recorded by the action camera, 
are shown in Figs. 4.8 and 4.9 for Specimens R-4BW-3-II and D-3-I, respectively. Figs. 
4.8 and 4.9 each consists of four subfigures which correspond to four points on the 
axial load-shortening curves, respectively. For the R-DSTC specimens, the four white 
longitudinal lines marked on the inside of the steel tube (Fig. 4.8) correspond to the 
locations of the four ribs (pointing to the four corners), respectively; for the DSTC 
specimens, the four white longitudinal lines (Fig. 4.9) correspond to the same 
circumferential locations of the steel tube as those in R-DSTC specimens.  
 
Figs. 4.8a and 4.9a (correspond to Point A in Fig. 4.7) show the deformed shapes of 
the steel tubes before any visible local buckling deformation occurred. It is evident that 
the circular steel tubes tended to deform into a rectangular shape with less outward 
deformation at circumferential locations close to the corners than at locations close to 
the middle of flat sides of the FRP outer tube, due to the much stronger confinement at 
the corner regions. Figs. 4.8b and 4.9b correspond to Point B of the respective axial 
load-shortening curves, when the first noticeable local buckling deformation occurred 
in the specimens. The cross-section of steel tube in Fig. 4.8b appears more like a 
rectangle than that in Fig. 4.9b, as the local buckling of the former occurred at a larger 
axial shortening than the latter. For the DSTC specimens, the local buckling of steel 
tube occurred at approximately the same time as the peak load, but for the R-DSTC 
specimens, the peak load generally occurred after significant local buckling developed. 
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The peak point of the R-DSTC specimens is labelled as Point C in Fig. 4.7 and the 
corresponding deformed shape of steel tube is shown in Fig. 4.8c; after that the 
buckling deformation of the steel tube kept developing until the rupture of FRP (Point 
D in Fig. 4.7, the corresponding deformed shape of steel tube shown in Fig. 4.8d). For 
DSTC specimens, the trough point of the load-shortening curves is labelled as Point C 
in Fig. 4.7, while the FRP rupture point is labelled as Point D, and the corresponding 
deformed shapes of the steel tube are shown in Figs. 4.9c and 4.8d, respectively. It is 
evident by comparing Figs. 4.8d and 4.9d that the local buckling of steel tube was more 
severe in the DSTC specimens than in the R-DSTC specimens, as also shown in Fig. 
4.10 which compares the steel tubes taken out from typical specimens after test.    
 
4.3.3 Effect of Rib Configuration 
 
Specimens R-8AW-3-I, II and R-4BW-3-I, II were designed to have ribs of similar 
amount of steel (i.e. total cross-section areas of ribs being 984 mm2 and 1000 mm2, 
respectively), but different configurations (i.e. eight-rib configuration and four-rib 
configuration respectively). The axial load-shortening curves of the two pairs of R-
DSTC specimens are compared in Fig. 4.11. It is evident from Fig. 4.11 that the 
performance of Specimens R-8AW-3-I, II, with eight rib stiffeners, is significantly 
superior to that of Specimens R-4BW-4-II with four rib stiffeners, in terms of both the 
peak load and ultimate axial shortening.  
 
The superior performance of Specimens R-8AW-3-I, II suggests that the eight-rib 
configuration is more efficient in resisting local buckling of the inner steel tube in R-
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DSTCs. The steel tubes in Specimens R-4BW-4-II and R-8AW-3-II were taken out for 
further examination, and Fig. 4.12 shows that the local buckling of the former was more 
severe than the latter. 
 
It is, however, interesting to note that the above observation is contrary to that from the 
tests of ribbed steel tubes alone under axial compression, as discussed in Chapter 3. 
Fig. 4.13 shows the axial load-shortening curves of three steel tubes, which were 
nominally identical to the steel tubes in DSTC and R-DSTC specimens except 
Specimen R-4BS-3-I, II respectively. The curve of R-4BW is shown to be consistently 
and considerably higher than that of R-8AW after the yielding point, despite the very 
similar cross-section areas of the two. This is because of the earlier and more severe 
local buckling of the steel ribs in the tube R-8AW, which were relatively thin, 
compared with the tube R-4BW which had relatively thick steel ribs (Fig. 4.14). The 
similar results are also shown for R-4BN and R-4AW (see Figs. 4.13 and 4.14). In an 
R-DSTC, however, such buckling of steel ribs is effectively constrained by the 
surrounding concrete and is unlikely to occur before severe crushing of concrete. As a 
result, a larger number of (more distributed) thin longitudinal ribs, although less 
effective in strengthening a bare steel tube, were more effective than a small number 
of thick ribs with the same total cross-section area in delaying/preventing the local 
buckling of the steel tube in DSTCs. 
 




The axial load-shortening curves of Specimens R-4AW-3-I, II and R-4BW-3-II are 
compared in Fig. 4.15a to examine the effect of thickness of ribs. Two key points are 
marked on each curve in the figure: (1) the point labelled by a circular point when 
noticeable buckling deformation occurred; and (2) the point labelled by a small triangle 
when the peak load was reached. Similarly, the two key points are marked on each 
curve of the subfigures in Figs. 4.15 and 4.16. Fig. 4.15a shows that Specimen R-4BW-
3-II, with 5 mm thick ribs, had larger peak loads than Specimens R-4AW-3-I, II with 
3 mm thick ribs, and the difference in their peak loads (i.e. averaged as 306.3 kN) was 
found to be significantly larger than the difference in the yield capacity of the ribs (i.e. 
calculated as 140 kN). It is also shown that the thicker ribs were more effective in 
delaying the buckling of the steel tube. 
 
The axial load-shortening curves of Specimens R-4BN-3-I, II and R-4BW-3-II are 
compared in Fig. 4.15b to examine the effect of width of ribs. The curve of Specimens 
R-4BW-3-II, with 50 mm wide ribs, are shown to be slightly higher than Specimens R-
4BN-3-I, II with 25 mm wide ribs, but the axial shortening at the initiation of buckling 
was similar for both pairs of specimens, suggesting that the width of ribs had minor 
effect on the buckling behavior of the steel tube in R-DSTC specimens.  
 
Fig. 4.15c compares the axial load-shortening curves of Specimens R-4BS-3-I, II, 
which had wave-shaped ribs, with those of Specimens R-4BN-3-I, II. The minimum 
width along the longitudinal direction of the wave-shape ribs in Specimens R-4BS-3-I, 
II was the same (i.e. 25 mm) as the width of the ribs in Specimens R-4BN-3-I, II (see 
Fig. 4.1). Fig. 4.15c shows that the curves of the two pairs specimens are very close to 
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each other, suggesting that the axial compressive behavior of R-DSTCs with wave-
shape ribs may be approximately estimated based on the minimum width of the ribs.  
 
Specimens R-4AW-3-I, II had relatively wide (50 mm) and thin (3 mm) ribs while 
Specimens R-4BN-3-I, II had relatively narrow (25 mm) and thick (5 mm) ribs, but the 
total cross-section areas of the ribs in the two pairs of specimens were similar. Fig. 
4.15d compares the axial load-shortening curves of the two pairs of specimens and 
shows that the performance of the latter (i.e. R-4BN-3-I, II) was only slightly better 
than the former (i.e. R-4AW-3-I, II).   
 
4.3.5  Effect of FRP Thickness  
 
The effect of thickness of FRP outer tube can be examined by Fig. 4.16, where the axial 
load-shortening curve of Specimen R-4BW-3-II, with a three-ply FRP tube, are 
compared with Specimens R-4BW-4-I, II with a four-ply FRP tube. The curves of the 
two pairs of specimens are shown to almost coincide with each other before the 
initiation of buckling in the specimens with a three-ply FRP tube, suggesting that the 
thickness of FRP tube, within the range tested in the present study, did not have a 
significant effect on the second-stage stiffness of the confined concrete in the R-DSTC 
specimens. However, the buckling of steel tube occurred at a considerably larger axial 
shortening in the specimens with a thicker FRP tube (i.e. Specimens R-4BW-4-I, II) 
than in those with a thin FRP tube, and the peak loads of the former were also larger 
than those of the latter. In addition, the thicker FRP tubes led to a more gradual 
descending branch at the final stage of loading with less load reduction (see Table 4.1), 




4.3.6 Axial Strain-Hoop Strain Curves  
 
Fig. 4.17 shows the axial strain-hoop strain curves of typical DSTC and R-DSTC 
specimens. In Fig. 4.17, the axial strains were obtained from two LVDTs at the middle 
height region while two sets of hoop strains were used: (1) the hoop strains averaged 
from the two strain gauges at the corners (Fig. 4.3), for the curves labelled “Corners”; 
(2) the hoop strains averaged from the three strain gauges at the middle of flat sides 
(Fig. 4.3), for the curves labelled “Sides”.   
 
While rupture of the FRP tube generally occurred at or close to one of the corners (Fig. 
4.6), it is evident from Fig. 4.17 that at the same axial strain, the hoop strain at the 
middle of flat sides was generally much larger than that at the corners. Some 
researchers (Fanggi and Ozbakkaloglu 2015; Saleem et al. 2016) has reported smaller 
measured hoop strains at the corners than at the flat sides, but the difference between 
the two shown in Fig. 4.17 appears to be much larger than that reported in the existing 
studies. This is believed to be due to the relatively large thickness of the PEN FRP tube 
(i.e. around 11 mm for 3-ply tubes and around 13 mm for 4-ply tubes), with which the 
bending effect of the FRP tube became more pronounced. The bending of the FRP tube 
generally leads to smaller hoop strains at the outer surface than at the inner surface, and 
for a square tube with rounded corners, such strain gradient is larger at the corners than 
at the flat sides (Wang and Wu 2008). The hoop strains shown in Fig. 4.17 were 
measured by the strain gauges attached at the outer surface, so they were much smaller 
than those at the inner surface, especially for the corners where the FRP rupture was 
initiated. Therefore, for a relatively thicker FRP tube, the rupture strains measured at 
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the outer surface can be significantly lower than those obtained from flat coupon tests 
where the material is under pure tension, as was the case for the specimens tested in 
the present study. 
 
It is also evident from Fig. 4.17 that the curves of Specimens D-3-I, R-4BW-3-II and 
R-8AW-3-II almost coincide with each other, suggesting that the various 
configurations of rib stiffeners did not have a significant effect on the lateral expansion 
behavior of the specimens. At the same axial strain, Fig. 4.17 shows that the hoop strain 
at the flat sides of Specimen R-4BW-4-II with a four-ply FRP tube was generally lower 
than that of the other specimens (all with a three-ply FRP tube), probably due to the 




In this chapter, an experimental investigation into the axial compressive behavior of 
hybrid R-DSTCs has been presented. The test variables included the number, thickness 
and width of rib stiffeners as well as the thickness of the FRP tube. Based on the test 
results and discussions presented in the chapter, the following conclusions may be 
drawn:  
1. Additional rib stiffeners are effective in delaying the local buckling of the steel 





2. The use of a larger number of thin ribs is more effective in improving the 
structural performance of hybrid DSTCs than that of a smaller number of thick 
ribs with the same amount of additional steel material. 
 
3. The performance of hybrid DSTCs is generally improved with the increase of 
thickness or width of rib stiffeners, when all the other parameters remain 
unchanged.  
 
4. When the amount of steel and the number of rib stiffeners are the same, the 
increase of thickness (and consequently the decrease of width) of rib stiffeners 
leads to slightly improved performance of hybrid DSTCs.     
 
5. The increase of thickness of FRP tube leads to an increase in the load capacity 
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at peak load 
Sf (mm) 











at FRP rupture 
Su (mm) 
(Pf –Pt)/Pf (Pf –Pu)/Pf 
D-3-I 2047 12 1579 27 1788 50 0.229 -- 
D-3-II 2079 12 1607 26 1741 41 0.227 -- 
R-4AW-3-I 2484 21 -- -- 2187 39 -- 0.119 
R-4AW-3-II 2517 19 -- -- 2201 41 -- 0.125 
R-4BN-3-I 2550 16 -- -- 2166 40 -- 0.150 
R-4BN-3-II 2693 27 -- -- 2252 51 -- 0.164 
R-4BS-3-I 2464 22 -- -- 2165 53 -- 0.121 
R-4BS-3-II 2349 19 -- -- 1966 38 -- 0.163 
R-4BW-3-I 2779 33 -- -- 2452 52 -- 0.118 
R-4BW-3-II 2834 23 -- -- 2663 37 -- 0.060 
R-4BW-4-I 3074 28 -- -- 2993 40 -- 0.026 
R-4BW-4-II 3107 29 -- -- 2940 43 -- 0.054 
R-8AW-3-I 2964 35 -- -- 2915 44 -- 0.016 























Figure 4.4: Layout of the LVDTs. 
 
 






Figure 4.6: Typical specimens after test: (a) Specimen D-3-I, (b) Specimen R-4AW3-
I, (c) Specimen R-4BN3-I, (d) Specimen R-4BW4-I. 








































Figure 4.8: Deformation shapes of Specimen R-4BW-3-II at different stages of 
loading; (a) The deformation before buckling appeared, (b) The deformation at 







Figure 4.9: Deformation shapes of Specimen D-3-I at different stages of loading; (a) 
The deformation before buckling appeared, (b) The deformation at buckling 







Figure 4.10: Inner steel tube after test: (a) Specimen D-3-I, (b) Specimen R-4AW-3-
II, (c) Specimen R-4BW-4-II. 


































Figure 4.12: Inner steel tube after test: (a) Specimen R-4BW-3-II, (b) Specimen R-
8AW-3-II. 
































Figure 4.14: Deformed shapes of steel tubes after test: (a) Specimen ST, (b) Specimen 































 Buckling deformation occurred
 Peak load



























































 Buckling deformation occurred
 Peak load




























 Buckling deformation occurred
 Peak load
 
Figure 4.15: Effects of properties of stiffeners, (a) Varied thicknesses of stiffeners, (b) 
Varied widths of stiffeners, (c) Varied shapes of stiffeners, (d) Varied thicknesses and 
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MODELING OF AXIAL LOAD-AXIAL STRAIN 




This chapter is concerned with the modelling of axial load-axial strain behavior of 
hybrid R-DSTCs, with a focus on the stress-strain behavior of the FRP-confined 
concrete in the columns. In this chapter, a brief review of existing stress-strain models 
for FRP-confined concrete is first presented. After that, an analytical model for hybrid 
R-DSTCs is then proposed. A comparison between the predictions of the analytical 
model and the test results reported in Chapter 4 is then presented, based on which 
design recommendations are given.   
 
5.2 STRESS-STRAIN MODELS FOR FRP-CONFINED CONCRETE 
 
Over the past two decades, a number of stress-strain models have been proposed for 
FRP-confined concrete. There are generally two categories of stress-strain models 
available (Teng et al. 2007): (a) design-oriented models (e.g. Xiao and Wu 2000; Lam 
and Teng 2003; Teng et al. 2009); (b) analysis-oriented models (e.g. Chun and Park 
2002; Jiang and Teng 2007; Teng et al. 2007; Dai et al. 2011). Analysis-oriented 
models can be used to predict stress-strain curves using an incremental procedure, but 
are typically only applicable to uniformly-confined concrete (e.g. the concrete in a solid 
circular column). Therefore, only design-oriented models for FRP-confined concrete 




Design-oriented stress-strain models are generally developed based directly on the 
regression analysis of test results (Lam and Teng 2003a).  Closed-form equations are 
used in a design-oriented stress-strain model to predict the compressive strength, 
ultimate axial strain and stress-strain curve of FRP-confined concrete. Therefore, to 
develop a design-oriented model, a reliable and reasonably large experimental database 
is needed for the selection of proper variables for inclusion in the closed-form equations. 
The variables selected should be reasonable to reflect the mechanical behavior of FRP-
confined concrete. 
  
5.2.1 FRP-Confined Concrete in Circular Columns 
 
Many design-oriented stress-strain models for FRP-confined concrete in circular 
columns are available. One of the most important features of the stress-strain curves of 
such concrete is their approximately bilinear shape. Therefore, most existing models 
have been developed to capture this feature. For example, a bilinear stress-strain model 
with two straight lines was proposed by Xiao and Wu (2000) based on their own tests. 
Lam and Teng (2003a) proposed a stress-strain model for FRP-confined concrete in 
circular columns. Lam and Teng’s (2003a) model consists of a parabolic first portion 
smoothly connected with a linear second portion. This model was developed based on 
a large database containing the experimental test results from 76 FRP-confined 
concrete specimens. Due to its accuracy and simplicity, Lam and Teng’s (2003a) model 
and its refined vision (Teng et al. 2009) have received extensive citations by academic 
papers and have been adopted by the design guidelines of the UK, US and China (Yu 
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et al. 2010b). Lam and Teng’s (2003a) model can be expressed by the following 
equations: 





2        for  0 ≤ 𝑐 ≤ 𝑡             (5.1) 
 
 𝜎𝑐 = 𝑓𝑐𝑜
′ + 𝐸𝑐 𝑐                    for  𝑡 ≤ 𝑐 ≤ 𝑐𝑢                (5.2) 
 
where 𝜎𝑐 and 𝑐  are the axial stress and the axial strain of FRP-confined concrete, 
respectively; 𝑓𝑐𝑜
′  and 𝐸𝑐  are the compressive strength and the elastic modulus of 











 and 𝑐𝑢 are the compressive strength and the ultimate axial strain of FRP-
confined concrete, respectively. 







The following equations for the compressive strength 𝑓𝑐𝑐
′
 and ultimate axial strain 𝑐𝑢 
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where 𝑐𝑜 is the axial strain at the peak axial stress of unconfined concrete, and ℎ,𝑟𝑢𝑝 
is the FRP hoop rupture strain obtained from FRP-confined concrete. 𝑓𝑙 is the lateral 
confining pressure provided by the FRP jacket at hoop rupture failure and provided by 






where 𝐸𝑓𝑟𝑝  and 𝑡𝑓𝑟𝑝  are the elastic modulus and thickness of the FRP jacket, 
respectively, and 𝑅 is the radius of the confined concrete core. 
 
Teng et al. (2009) proposed two refined versions of Lam and Teng’s (2003a)’s model. 
In the first version, the following new equations were proposed for the ultimate axial 
strain and compressive strength for more accurate predictions, especially for weakly-






1 + 3.5(𝜌𝐾 − 0.01)𝜌𝜀      𝜌𝐾 ≥ 0.01   










The ratio of the confining pressure to the strength of the unconfined concrete is referred 











= 𝜌𝐾𝜌𝜀 (5.10) 
 













In the second version, Teng et al. (2009) proposed descending branch of the stress-
strain model for weakly-confined concrete with 𝜌𝐾 < 0.01. This version is expressed 
by: 










      𝜌𝐾≥0.01
𝜌𝐾<0.01
      𝑡 ≤ 𝑐 ≤ 𝑐𝑢 (5.13) 
 
where 𝑓𝑐𝑢
′   in Eq. 5.13 should be calculated from Eq. 5.14, which predicts the axial 
stress at the ultimate axial strain, but not the compressive strength of FRP-confined 
concrete.  
 𝑓𝑐𝑢
′ = 1 + 3.5(𝜌𝐾 − 0.01)𝜌𝜀 (5.14) 
 




Existing design-oriented stress-strain models for FRP-confined concrete in rectangular 
or square columns are generally proposed based on the existing models of the FRP-
confined concrete in circular columns (e.g. Lam and Teng 2003b; Lim and 
Ozbakkalogu 2014; Ozbakkalogu 2013). Lam and Teng (2003b) proposed a stress-
strain model for concrete in rectangular FRP-confined solid columns (FCSCs) based 
on the model of Lam and Teng (2003a), and the model was adopted by the design 
guideline ACI-440 [American Concrete Institute (ACI) 2008] with some modifications 
because of its satisfactory predictions of the tests results. In Lam and Teng’s (2003b) 
model, the equations for the compressive strength and ultimate axial strain of FRP-
confined concrete proposed by Lam and Teng (2003a) for circular FCSCs were each 
modified for application to rectangular FCSCs by including a shape factor.  
 
The following equations for the compressive strength 𝑓𝑐𝑐
′  and ultimate axial strain 𝑐𝑢 
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′  ≥ 0.07
 1                            𝑓𝑙/𝑓𝑐𝑜














The two shape factors 𝑘𝑠1 and 𝑘𝑠2 are defined by the following equations: 


















where h and b are the long and short flat sides of rectangular columns, respectively; 










            
(5.19)  
 
where 𝐴𝑔 is the gross area of the column section with rounded corners; 𝑅𝑐 is the corner 
radius and 𝜌𝑠𝑐 is the cross sectional area ratio of the longitudinal steel reinforcement.  
The lateral confining pressure (𝑓𝑙) is provided by the FRP jacket at hoop rupture failure 







Yu et al. (2013) suggested that Lam and Teng’s (2003b) model for FRP-confined 
concrete in rectangular columns may be further refined by incorporating refinement 
which is the same as that adopted to establish vision of  Teng et al’s. (2009) model for 
concrete in ciucular FRP-confined columns (i.e. making modifications to the ultimate 
stress equation and the ultimate axial strain equation). By doing so, Eqs. 5.15 and 5.16 








1 + 3.5𝑘𝑠1(𝜌𝐾 − 0.01)𝜌𝜀      𝜌𝐾 ≥ 0.01   










5.2.3 FRP-Confined Concrete in Hybrid DSTCs  
 
Both Lam and Teng’s (2003a) model and its refined vision (Teng et al. 2009) are only 
applicable to the concrete in circular FRP-confined solid columns, but cannot be 
directly used to predict the behavior of concrete in circular hybrid DSTCs. At the same 
axial strain, the expansion of concrete in circular hybrid DSTCs, as well as the 
confinement pressure, is smaller than that in circular solid columns confined by a same 
FRP tube, due to the inner void. Taking this observation into consideration, Yu et al. 
(2010b) proposed modifications to the model by Teng et al. (2009) to arrive at a design-
oriented stress-strain model for the concrete in circular hybrid DSTCs. In Yu et al.’s 
(2010b) model, Eq. 5.9 was modified to incorporate the effect of void ratio, leading to 




= 1.75 + 6.5𝜌𝐾
0.8𝜌𝜀
1.45(1 − ∅)−0.22 (5.23) 
 
where the factor ∅ is the void ratio of a circular hybrid DSTC, which is defined as the 
ratio between the inner diameter and the outer diameter of the annular concrete section. 
 
Similarly, compared with FRP-confined concrete in square solid columns, the 
expansion of concrete as well as the confinement pressure in square hybrid DSTCs is 
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smaller at the same axial strain. Yu and Teng (2013) proposed a pair of design-oriented 
stress-strain models for the concrete in square hybrid DSTCs. The two models (referred 
to as Model I and Model II hereafter) proposed by Yu and Teng (2013) are based on 
two versions of Lam and Teng’s (2003b) model for FRP-confined concrete in square 
solid columns, respectively: (1) Lam and Teng’s (2003b) original model; and (2) a 
refined version with new equations for the compressive strength and ultimate axial 
strain, which are expressed by Eqs. 5.21 and 5.22, respectively. The only difference 
between Yu and Teng’s (2013) models for the concrete in sqaure DSTCs and the two 
base models mentioned above is the inclusion of an equivalent void ratio ∅ in the 
ultimate axial strain equation, in the same way as Yu et al. (2010b) proposed for circular 















= 1.75 + 6.5𝑘𝑠2𝜌𝐾
0.8𝜌𝜀
1.45(1 − ∅)−0.22 (5.25) 
 
where the equivalent void ratio ∅ of a square DSTC is defined by:  
 ∅ = √∅𝑎 (5.26) 
 
where ∅𝑎  is defined as the ratio between the area surrounded by the inner circular 
boundary and that surrounded by the exterior square boundary of the concrete section 




For square columns, the two shape factors 𝑘𝑠1and 𝑘𝑠2  became identical and can be 
expressed by the following equation: 






where b is the side length of square hybrid DSTCs. 
 
Yu and Teng (2013) compared the predictions of the two versions of models with their 
test results and concluded that Model II with Eq. 5.25 provide more accurate 
predictions than Model I. In Yu and Teng’s (2003) tests, no significant buckling of the 
steel inner tube occurred, so it is reasonable to expect that Model II proposed by Yu 
and Teng (2013) can provide reasonable predictions of the concrete in the DSTCs tested 
in the present study before the buckling of the steel inner tube.  
 
5.3 MODELING OF AXIAL LOAD-STRAIN BEHAVIOR OF HYBRID R-
DSTCS 
In this section, an analytical model is first presented for the prediction of axial load-
axial strain curves of R-DSTCs. This is then followed by a comparison between the 






5.3.1 Proposed Model  
 
Hybrid DSTCs are a relatively new form of structural members and most existing 
research on hybrid DSTCs has been focused on circular hybrid DSTCs. To the best of 
the candidate’s knowledge, the model proposed by Yu and Teng (2013) is the only 
model that can predict the axial load-strain curves of square DSTCs. Therefore, the 
design-oriented model of square hybrid R-DSTCs will be proposed and based on the 
fundamental model of square hybrid DSTCs from Yu and Teng (2013). The 
assumptions adopted in the proposed model include:  
 
1. The axial load-axial strain behavior of the confined concrete in both DSTCs 
and R-DSTCs can be predicted by the model II proposed by Yu and Teng (2013) 
(i.e. Eqs. 5.15, 5.21-5.22 and 5.24-27) before the buckling of steel inner tube; 
  
2. The axial stress of the concrete in the columns remains constant after the 
buckling of the steel tube; this assumption is considered to be reasonable as the 
concrete is still confined by the two tubes (i.e. steel tube and FRP tube) after 
the buckling of the steel tube, but the confinement from the steel inner tube is 
not as strong due to the inward buckling of steel tube; 
 
3. The axial load-strain behavior of the steel components in the columns can be 
predicted making use of the stress-strain curves of the steel components 
obtained from material tests; 
 
4. The ultimate axial strain of the columns can be predicted by the Yu and Teng 




Yu and Teng (2013) suggests that the nominal hoop rupture strain of FRP in the 
equivalent circular column should be used in their model. In the present study, the 
nominal rupture strain of PEN FRP is taken to be 0.06 based on the results from tensile 
coupon tests.  
 
In the present study, the tested specimens had a side length of 240 mm and a height of 
600 mm. Many existing studies (e.g., Park and Pauley 1975; Chastre and Silva 2010) 
reported that the strength of unconfined concrete in columns with such dimensions may 
be significantly lower than the concrete cylinder strength (i.e. the strength found from 
standard tests using 150 mm x 300 mm cylinders). In the present study, two values of 
𝑓𝑐𝑜
′
 are taken when making the prediction: (1) the unconfined strength found from 
standard cylinder tests (i.e. cylinder strength); and (2) 85% of the cylinder strength 
following ACI 318 (2008).  
 
5.3.2 Comparison with Test Results  
 
Figs. 5.1-5.11 show comparisons between the predictions of the proposed model and 
the experimental axial load-axial strain curves for the hybrid R-DSTC and DSTC 
specimens tested in the present study. In these figures, the experimental axial strains 
are the nominal strains which were found from the axial shortenings recorded by two 
LVDTs (i.e. by dividing the axial shortenings by the height of the specimens). The 
properties of the three materials (i.e. PEN-FRP, concrete and steel), as reported in 
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Chapter 4, were used. The corresponding nominal axial strains at the initiation of 
buckling of the steel inner tube in the tested specimens are summarized in Table 5.1. 
 
The comparisons for hybrid R-DSTCs are shown in Figs. 5.1-5.9. It is evident from the 
figures that the proposed model provide reasonably accurate predictions for most 
specimens, especially for the specimens with a relatively large width, thickness and/or 
number of stiffeners (e.g. Specimen R-8AW3-I, II and R-4BW-4-I, II). Considerable 
deviations from the experimental results are only noted for the predicted curves of 
Specimens R-4AW-3-I, II and R-4BN-3-I. For these specimens, the predicted curves 
still agree well with the experimental results before the buckling of the steel inner tube, 
but are higher than the experimental curves after the steel buckling. This is because of 
the oversimplified assumption taken by the proposed model after the buckling of the 
steel tube (i.e. no load reduction of the steel tube is taken into account). If the load 
reduction of the steel tube is assumed to be 25% of its buckling load capacity and the 
load of the steel tube is assumed to decrease linearly with the strain after the buckling, 
then the predicted curves [labelled as “Modelling (adjusted)”] in Figs. 5.10-5.12 are 
much closer to the test results. It should, however, be noted that the 25% load reduction 
is also a simple treatment of the post-buckling behavior of the steel tube; future research 
is needed to come up with a more rational formula for the post-buckling load reduction, 
in which the properties of the stiffeners should be taken as parameters.   
 
It is also evident from the figures that the experimental curves generally lie between 





respectively, especially before the buckling of the steel inner tube. This observation 
suggests that for design purpose,  𝑓𝑐𝑜
′
 should be taken as 85% of the cylinder strength.  
 
In addition, Figs. 5.1-5.9 suggest that the proposed model generally predicts ultimate 
axial strains which are smaller than the experimental values. This is believed to be due 
to the significant inward buckling of the steel inner tube in these specimens which led 
to a reduction of the outward lateral expansion of concrete at the same axial strain. As 
a result, the ultimate axial strain at the rupture of FRP tube became larger than may be 
expected from a specimen with the same FRP tube but without buckling of the steel 
inner tube. Nevertheless, the proposed model can still be used for a conservative 
prediction of the ultimate axial strain, before a more rational model is developed with 
the post-buckling behavior of steel tube being appropriately considered. 
 
Figs. 5.13 and 14 show comparisons between the predictions of the proposed model 
and the test results of the two DSTC specimens without steel stiffeners. It is evident 
that the predicted curves using 85% of the cylinder strength as 𝑓𝑐𝑜
′  are closer to the 
corresponding experimental curves. The predicted curves are reasonably close to the 
experimental curves before the buckling of the steel inner tube, but are significantly 
higher afterwards. Again, this is believed to be due to the oversimplified assumption 
taken in the proposed model for the post-buckling behavior of steel tube. As a result, 





5.4 CONCLUSIONS  
 
In this chapter, an analytical model for the axial load-axial strain behavior of hybrid R-
DSTCs has been presented. The predictions of the proposed model have also been 
compared with the test results presented in Chapter 4. Based on the comparisons and 
the discussions presented in this chapter, the following conclusions can be drawn: 
 
1. The proposed model provides reasonably accurate predictions for the axial 
load-axial strain square hybrid R-DSTCs with a relatively large width, 
thickness and/or number of stiffeners.  
 
2. For square R-DSTCs with relatively weak stiffeners and square DSTCs (i.e. 
without stiffeners), the proposed model provides reasonably accurate 
predictions for the axial load-strain curve before the initiation of buckling, but 
overestimates the curve afterwards.   
 
Furthermore, the models presented in this chapter can provide reasonable predictions of the 
axial load-axial strain curves of hybrid R-DSTCs, but it is empirical in nature and relies on 
simple assumptions for the branch after the buckling of the steel tube. A more rational and 
accurate model needs to be developed, which should take due consideration of the complex 
interaction between the different components in hybrid R-DSTCs and include an accurate 
formula describing the post-buckling behavior of the steel inner tube. Therefore, future 
research involving sophisticated three-dimensional finite element modelling is needed 
to examine the post-buckling behavior of the steel inner tube in the hybrid R-DSTCs 
for a more rational and accurate formula to be developed for the contribution of the 
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steel tube. This is particularly important for R-DSTCs with weak or a small number of 
stiffeners. 
 
For practical applications, it is recommended that eight longitudinal stiffeners should 
be provided for the steel inner tube in hybrid DSTCs with a layout similar to that in 
Specimens R-8AW-3-I, II. With such a configuration, the analytical model proposed 
in this chapter can be used for reasonably accurate predictions of the axial load-axial 
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Figure 5.1: Axial load-strain curves of Specimen R-4AW-3-I. 
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Figure 5.2: Axial load-strain curves of Specimen R-4AW-3-II. 
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Figure 5.3: Axial load-strain curves of Specimen R-4BN-3-I. 
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Figure 5.4: Axial load-strain curves of Specimen R-4BN-3-II. 
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Figure 5.5: Axial load-strain curves of Specimen R-4BW-3-II. 
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Figure 5.6: Axial load-strain curves of Specimen R-4BW-4-I. 
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Figure 5.7: Axial load-strain curves of Specimen R-4BW-4-II. 
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Figure 5.8: Axial load-strain curves of Specimen R-8AW-3-I. 
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Figure 5.9: Axial load-strain curves of Specimen R-8AW-3-II. 
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Figure 5.10: Axial load-strain curves of Specimen R-4AW-3-I. 
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Figure 5.11: Axial load-strain curves (further analysis) of Specimen R-4AW-3-II. 
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Figure 5.12: Axial load-strain curves (further analysis) of Specimen R-4BN-3-I. 
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Figure 5.13: Axial load-strain curves of Specimen D-3-I. 
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This thesis has presented a combined experimental and theoretical study into the 
compressive behavior of hybrid FRP-concrete-steel double-skin tubular columns with 
a rib-stiffened steel inner tube (R-DSTCs), which was recently developed at the 
University of Wollongong, Australia. The hybrid column consists of an outer tube 
made of fiber-reinforced polymer (FRP) and an inner steel tube stiffened by a number 
of longitudinal rib stiffeners, with the space in-between the two tubes filled with 
concrete. The rib stiffeners, which are welded on the inner steel tube, not only serve as 
stiffeners to prevent/delay the buckling of the steel tube and thus to improve the 
performance of the column, but also act as additional shear connectors for improved 
composite action between the concrete and the steel tube; such composite action is 
particularly important in situations where axial compression does not dominate. 
 
 Large amount of experimental work has been presented in this thesis, involving a 
comprehensive experimental program on hybrid DSTCs under compression as well as 
axial compression tests on hollow steel tubes stiffened with longitudinal rib stiffeners. 
The test results provided not only the first insight into the structural behavior of hybrid 
R-DSTCs and the nonlinear buckling behavior of the rib-stiffened steel tubes, but also 




Apart from the experimental work, an analytical model has been developed for 
predicting the axial load-axial strain behavior of hybrid R-DSTCs. A comparison 
between predictions of the analytical model and the test results has also been presented, 
based on which design recommendations have been given. A finite element (FE) 
investigation on the buckling behavior of rib-stiffened steel tubes has also been 
presented. The FE models, after being verified by the test results, has been used to 




Based on the results and discussions presented in this thesis, the following conclusions 
can be drawn: 
 
1. Longitudinal rib stiffeners are effective in delaying the local buckling of hollow 
steel tubes and the steel inner tube in hybrid DSTCs, and in enhancing the load 
capacity and ductility of the tubular columns. 
 
2. When rib-stiffened hollow steel tubes are subjected to compression alone, the 
rib stiffeners may buckle first. However, in hybrid DSTCs, the rib stiffeners are 
embedded in the concrete and they are unlikely to buckle due to the constraint 
from the surrounding concrete. As a result, the effect of rib stiffeners on the 




3. The use of a larger number of thin ribs is more effective in improving the 
structural performance of hybrid DSTCs than that of a smaller number of thick 
ribs with the same amount of additional steel material, but this may not be the 
case for hollow steel tubes alone under compression. 
 
4. The performance of hybrid DSTCs and steel tubes, either those in hybrid 
DSTCs or tested alone, is generally improved with the increase of thickness or 
width of rib stiffeners, when all the other parameters remain unchanged.  
 
5. When the amount of steel and the number of rib stiffeners are the same, the 
increase of thickness (and consequently the decrease of width) of rib stiffeners 
leads to slightly improved performance of hybrid DSTCs and hollow R-STs.     
 
6. The increase of thickness of FRP tube leads to a considerable increase in the 
load capacity of hybrid DSTCs and delays the buckling of the steel inner tube. 
However, the effect of FRP thickness on the second-stage stiffness of the 
confined concrete in the R-DSTC specimens is not as significant. 
   
7. The proposed analytical model provides reasonably accurate predictions for the 
axial load-axial strain curves of hybrid R-DSTCs, and conservative predictions 
for the ultimate axial strain of the columns. 
 
6.3 FURTHER RESEARCH 
 
A present study has led to a good understanding of the axial compressive behavior 
hybrid R-DSTCs and ribbed-stiffened steel tubes through a combined experimental and 
theoretical study. An analytical model has been developed, and has been shown to 
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provide reasonable predictions, for the axial load-axial strain behavior of hybrid R-
DSTCs. Finite element (FE) models have been developed for accurate prediction of 
rib-stiffened steel tubes. The results presented in this thesis represent a significant step 
forward towards the practical application of R-DSTCs as well as significant 
advancement of existing knowledge for rib-stiffened steel tubes, and will facilitate 
further research on the following issues. 
 
1. The work presented in this thesis has been limited to the axial compressive 
behavior of hybrid R-DSTCs and rib-stiffened steel tubes. Further research on 
the structural behavior of hybrid R-DSTCs under different loading conditions 
(e.g. eccentric compression, cyclic axial compression, combined axial 
compression and cyclic lateral loading) should be carried out to gain a 
comprehensive understanding of the structural behavior of the new type of 
columns, with particular attention to the buckling behavior of the inner steel 
tube. 
 
2. The analytical model developed in the present study can provide reasonable 
predictions of the axial load-axial strain curves of hybrid R-DSTCs, but it is 
empirical in nature and relies on simple assumptions for the branch after the 
buckling of the steel tube. A more rational and accurate model needs to be 
developed, which should take due consideration of the complex interaction 
between the different components in hybrid R-DSTCs and include an accurate 




3. Three-dimensional (3D) FE modelling on hybrid R-DSTCs, in which the 
interactions between the various components (i.e. FRP, steel tube, stiffeners, 
concrete) are explicitly simulated, should be carried out in the future for a more 
in-depth understanding of the mechanism of the columns. In the FE model, an 
accurate 3D constitute model for concrete, which can capture the unique 
features of FRP-confined concrete, should be adopted. While FE models 
developed in the present study on rib-stiffened steel tubes provide a solid basis 
for the modeling of the steel tube in R-DSTCs, additional attention needs to be 
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